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Skid resistance and tire/road noise are two of the major concerns in pavement 
functional performance in modern road transportation. They are crucial in roadway 
safety and travel comfort. It is difficult to handle the problems simultaneously using 
the conventional dense-graded pavement because they have contrary requirements on 
pavement macrotexture. Wet-pavement skid resistance needs a higher macrotexture 
level to discharge water underneath tires, while tire/road noise abatement requires a 
lower texture level to mitigate impact-induced tire vibration. This problem can be 
well solved by applying porous pavement technologies. Porous pavement enhances 
skid resistance through inner drainage and reduces tire/road noise through acoustic 
absorption. Despite its global applications, the mechanisms and influencing factors of 
skid resistance and tire/road noise on porous pavement have not been completely 
understood. This is partially due to the lack of mechanistic models to accurately 
simulate these complex phenomena. Past research efforts on porous surface are 
largely experimental in nature. This study attempts to explore the development of 
numerical simulation models in predicting skid resistance and tire/road noise on 
porous pavements and apply the developed models in influencing factor analysis and 
porous mixture design. 
Porous pavement possesses a superior wet frictional performance because it 
can rapidly discharge water from tire-pavement contact patch, so that the excessive 
hydrodynamic pressure can be easily released to avoid undermining the contact force 
between tire tread and pavement surface. The drainage capacity of a porous surface is 
modeled by a simplified pore structure of grid network, whose dimension parameters 
are calibrated through an iterative process, taking effective porosity, clogging effect 
and measured outflow time into consideration. This porous pavement model is then 
integrated into the numerical skid resistance model, simulating a lock-wheel smooth 
tire slides on a flooded porous pavement. This model involves all major mechanisms 




tire deforming behavior, turbulent and multiphase flow. The overall skid resistance 
model is validated against past experimental results for both porous and nonporous 
pavements. The effect of porous surface layer on skid resistance enhancement is then 
analyzed using the developed model from a numerical perspective. The influences of 
critical factors on porous pavement skid resistance are also investigated quantitatively 
through a case study. Some suggestions on porous mixture design are provided based 
on the findings from this parametric study. 
Porous pavement surface can reduce tire/road noise emission mainly due to 
its acoustic absorption capacity resulted from energy dissipation in the pore network. 
This effect is considered in the development of tire/road noise simulation model. The 
acoustic characteristics of porous pavement are represented by acoustic impedance 
(related to acoustic absorption coefficient) which can be either measured in field test 
or derived from pore structure compositions. Pavement texture serves as excitation 
input in a form of frequency-domain texture level. The model identifies tire vibration 
as the major noise source and covers the other sources by model calibration. Tire 
vibration is reproduced by the finite element method using a mode superposition 
strategy and sound propagation in free space is modeled by boundary element method. 
It was found that the developed model needs a careful calibration according to the tire 
and pavement types before application, and the model validation shows that although 
this model can predict the overall noise level on porous pavement with a satisfactory 
accuracy, the generated noise spectrum needs to be corrected with a frequency shift. 
The developed model is then used to analyze the effect of porous surface on tire/road 
noise and study the critical influencing factors of tire/road noise on porous pavements. 
Recommendations on porous mixture designs are drawn from the noise standpoint. 
With a better understanding in the mechanisms of wet skid resistance and 
tire/road noise on porous pavement, as well as the effects of critical influencing 
factors, this study developed an analysis framework to integrate skid resistance and 
tire/road noise performances into the porous mixture design process. The fundamental 
ix 
 
of this framework is to quantify the safety and comfort benefits brought forth by the 
application of porous surface using quantitative analysis methods and determine the 
relevant performance indices through subjective judgments. The developed numerical 
models are adopted to predict the skid number and noise level generated on porous 
surfaces. Artificial neural network can be applied to enhance design efficiency. The 
application of this analysis framework is demonstrated through a hypothetical case 
study, which illustrates the feasibility and capability of the models and methodologies 
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CHAPTER 1  INTRODUCTION 
Pavement structures in modern transportation system not only provide 
supporting surfaces for vehicles to travel on, but also provide functional purposes to 
guarantee appropriate traveling quality (Haas et al., 1994; Mallick and El-Korchi, 
2013). Among various functional performances, priority is often given to road safety 
and this requires consideration in pavement design to reduce occurrences of traffic 
accidents. Comfort is another crucial functional requirement for modern pavements 
and is evaluated through road users' physical perceptions. With regard to the 
functional requirements, two critical tasks are to enhance road safety by providing 
sufficient wet-pavement skid resistance and to improve travel comfort by reducing 
tire/road noise. Various engineering measures were developed for these purposes, 
such as surface grooving, surface tining, thin-layer coating, chip seal and porous 
surface. Among these approaches, porous pavement is found to be an effective and 
cost-efficient solution which is capable to accomplish skid resistance enhancement 
and tire/road noise reduction simultaneously. This chapter provides the background of 
porous pavement technology and its advantages in improving pavement surface 
performance, followed by the objectives of this research and the organization of 
thesis. 
1.1  Background 
Although porous pavement may exhibit various forms (Ferguson, 2005), this 
research work focuses mainly on the two major types of porous pavements, namely 
porous asphalt pavements and porous concrete pavements. Different terminologies 
were used in the development of various porous pavement technologies in different 
countries, such as porous friction course (PFC), open-graded friction course (OGFC), 
popcorn mix and pervious concrete in the U.S., drainasphalt in France, flusterasphalt 
in Germany, as well as drainage mix, permeable pavement or pervious macadam in 
other countries. The name porous asphalt (PA) was adopted by European Committee 




for Normalization to unify the terms for technologies using asphalt binder (Nicholls, 
1998). This term is therefore used throughout this thesis. The name porous concrete is 
used to indicate the porous surface techniques using Portland cement as bonding 
material. 
1.1.1  Introduction of Porous Pavement Technology 
Porous pavement is a category of pavement structure whose surface layer 
contains a large amount of interconnected air voids that allows rainwater to be 
drained through the surface course. The bonded pavement material is characterized 
by a high porosity, which can range up to 20% by volume (Anderson et al., 1998) and 
is much higher than that of a typical conventional mixture (typically around 5%). 
Such a porous layer is commonly laid on an impermeable dense-graded base course 
to form an inner-drainage system with a finite vertical thickness. A successful porous 
pavement system not only improves pavement surface properties, but does not 
sacrifice its structural capacity. 
Porous asphalt was initiated in the Unites States in the mid-twentieth century 
(Smith, 1992), and was first implemented in Europe on airport runways by British 
Transport Research Laboratory (TRL) in the late 1950s and then on highways in 
1960s (Abbott et al., 2010). Since then, many countries have began using porous 
asphalt. Today, more than 80% of freeways in the Netherlands are paved with porous 
asphalt to counterbalance increasing noise level and accident potential resulting from 
increased speed limit (van der Zwan, 2011). The Japanese strategy is to replace all 
existing pavements with pervious surface systems to provide benefits on safety and 
riding comfort (Nakahara et al., 2004). Although porous concrete pavement was 
developed decades later than the porous asphalt and applied less widely over the 
world (Offenberg et al., 2010), it is gaining attention from pavement engineers due to 
its potential superior performance and strength.  





Despite the difference in base binder material (i.e. asphalt or cement), the 
high porosity in porous layer results from the open gradation of its aggregate skeleton.  
Single-size large particles are commonly used in porous mixture, while small grains 
are removed from a typical gradation design. The absence of fine aggregates leaves 
the air voids among coarse aggregates unfilled after stone-on-stone contact is 
achieved with compaction. High-viscosity modified asphalt or high-strength cement 
is used to bond the aggregates together, ensuring sufficient integrity and durability. 
Fibers and/or agents may also be added in the production of porous mixture to 
improve structural capacity on the premise that no adverse effect is brought to its 
drainage performance with the addition of fibers/agents. 
1.1.2  Advantages and Disadvantages of Porous Pavement 
The primary objective of porous pavement applications is to enhance travel 
safety on high-speed road facilities. This purpose is mostly achieved by improving 
the skid resistance of wet pavements and preventing the occurrence of hydroplaning. 
It is widely reported that the skid resistance levels on porous pavement surfaces are 
generally higher than those of dense-graded asphalt or cement concrete pavements 
and it is less speed-sensitive (NCHRP, 1978; Isenring et al., 1990; Kandhal and 
Mallick, 1998; Liu et al., 2010). This is a result of the combined effects of connected 
air voids and coarser surface macrotexture in the porous pavement structure that 
allow free water to be quickly discharged from the tire-pavement contact interface. 
Moreover, the superior drainage capacity of porous surface can also reduce splash 
and spray, mitigate head light glare and provide better visibility for drivers in raining 
nights (Smith, 1992). These benefits work together to further improve travel safety on 
porous pavements. 
With the rapid improvement in porous pavement technology, its advantage in 
tire/road noise reduction has also been found in past research studies (van 
Heystraeten and Moraux, 1990; Gibbs et al., 2005; Abbott et al., 2010; Liu et al., 




2010). The benefit of porous surface in traffic noise abatement was initially 
investigated in Europe and has become the main reason why porous pavements are 
adopted in most European countries. Porous surface is believed to achieve noise 
reduction primarily through two mechanisms. Firstly, the tire/road noise generation is 
altered by reducing air pumping at the front and rear edges of tire-pavement contact 
patch. Secondly, the reflection and scattering of sound wave in the pores result in 
sound energy absorption and dissipation (Neithalath et al., 2005). Air void content 
and porous layer thickness affect acoustic performance significantly. The use of 
porous pavements for the purpose of noise reduction has led to thicker porous layers. 
Other benefits contributing to traveling comfort include the better rutting resistance of 
course aggregate skeleton which provides better evenness and less roughness 
(Huddleston et al., 1991; Younger et al., 1994). 
Besides travel safety and comfort, many ancillary advantages are obtained on 
porous pavement as well. These include improvement in storm runoff management 
and water quality (Legret et al., 1996; Pagotto et al., 2000; Kuang and Fu, 2013), 
utilization of rubber from scrap tires (Hori and Furusato, 2001; Shen et al., 2013), and 
amelioration in urban heat-island effect (Stempihar et al., 2012). 
Not all porous surface applications in pavement function enhancement were 
successful. The major drawbacks are the durability of porous layer due to 
permeability reduction and clogging (Nicholls, 1998), stripping and raveling after 
higher exposure to the environment (Kandhal and Mallick, 1998), and deterioration of 
underlying layers due to improper sealing (Smith, 1992). Various additives are 
available to address these problems by improving binder properties or increasing 
binder film thickness over aggregates. Winter maintenance is another widely reported 
problem for porous pavements. Their rougher textures often result in aggregate 
removals by snow plows (Huddleston et al., 1993). The higher void content causes 
the deicing chemicals to flow away faster (Camomilla et al., 1990), while the use of 
winter sand on porous surfaces has been shown to clog the air voids and reduce 





drainage efficiency (Younger et al., 1994). The unit cost of porous pavements is 
usually higher than that of conventional pavements. This is attributed to the 
requirement for high-quality or specific materials, extra expenses on treatment of 
underlying layers, and higher-level quality control in construction and maintenance 
(Smith, 1992; Nicholls, 1998). The structural contribution of a porous wearing course 
is usually ignored in pavement design, which results in a need for thicker underlying 
layers, which in turn drives the total cost of pavement structure even higher. Other 
disadvantages of porous pavements which were observed in some projects include 
difficulties in surface patching (Younger et al., 1994), unfavorable wet-friction 
properties at low speed or in the initial stage when open to traffic (Isenring et al., 
1990), and unstable moisture susceptibility (Smith, 1992). 
1.1.3  Functional Design of Porous Pavement 
Although the porous surface course serves mainly as a functional layer with 
negligible structural significance, this consideration is not sufficiently looked into in 
the existing porous mix design specifications. Since the Federal Highway 
Administration (FHWA) published its first formalized design procedure in 1974 with 
modifications in 1980 and 1990 (FHWA, 1990), there have been more than 20 
different design approaches developed across the United States (Putman and Kline, 
2012). All these methods focus on the selection of aggregate gradation and asphalt 
content to form a skeleton structure with a desired high porosity and stone-on-stone 
contact. Taking the ASTM standard D7064 (ASTM, 2013a) as an example, the 
optimum grading is first chosen based on the voids in course aggregate (VCA). The 
content of modified asphalt is next determined by test results of air voids, draindown, 
abrasion loss and aging resistance. A minimum air void content of 18% is specified 
and higher void contents are desirable. Laboratory permeability or porosity testing is 
optional and no concern is placed on skid resistance or acoustic absorption of the 
finished porous pavement surface. 




Design of porous asphalt in Britain is currently based on a recipe approach. 
Porous mixtures are specified in BS EN 13108-7 (BSI, 2006). This standard defines 
the aggregate gradation and binder grade for various application purposes, as well as 
the selection of additives and modifiers. The target asphalt binder content of 4.5% is 
considered as a balance between durability and permeability (The Highways Agency, 
1999). The British design method involves in-situ hydraulic conductivity tests being 
conducted after placement but before trafficking. The acceptable relative hydraulic 
conductivity is in the range of 0.12 s
-1
 to 0.40 s
-1
. Guideline on pavement edge details 
for porous asphalt is provided in the design manual (The Highways Agency, 1997) to 
ensure that the desired function of porous surface (e.g. surface water drainage) is 
properly delivered. Requirements on porous layer geometry are also specified, such 
as a nominal thickness of 50 mm and a minimum crossfall of 2.5%. However, all 
these provisions are targeted at enhancing drainage capacity. There are neither direct 
guidance on frictional and acoustic properties, nor explicit relationships between 
drainage capacity and the functional performance. 
Besides the United States and Europe, many other countries around the world 
have also developed their own design specifications. Most countries (such as Spain, 
Denmark, the Netherland and Australia) specify a minimum air void content as a 
crucial design requirement. Permeability test is commonly not required in laboratory, 
but some highway agencies (e.g. Danish Road Institute and Belgium Road Research 
Center) recommend drainage tests on the finished pavements. A sealed tube is used in 
Denmark to measure the run-out time of a given volume of water and general 
guidelines are provided to evaluate the degree of clogging. Belgium also requests in-
situ drainage characteristics being evaluated with a drainometer. There are no specific 
clauses found on the functional performance of porous pavements with regard to skid 
resistance and noise reduction. It is basically assumed in these design methods that 
the functional properties are considered adequate if the volumetric and composition 
requirements are satisfied. 





1.2  Objectives 
It is concluded from the overview of existing design guidelines that although 
the main purpose of porous pavement applications is to utilize its advantages in skid 
resistance improvement and tire/road noise abatement, none of the current porous 
mixture design specifications explicitly considered wet-pavement friction and sound 
absorption performances as part of the design targets. This is not unexpected because 
of the complexities involved in considering both skid resistance and tire/road noise 
phenomena on porous pavements. The gap between laboratory design indices (such 
as aggregate gradation, porosity and permeability) and field functional performances 
(such as skid number and sound pressure level) should be bridged through detailed 
understandings in the mechanisms. This study attempts to approach the problem from 
a numerical perspective. The objectives of this research work are: 
1. To develop numerical simulation models and analytical frameworks that 
can analyze skid resistance and tire/road noise performances of porous pavements 
under different operating conditions. 
2. To understand the mechanisms that result in skid resistance enhancement 
and tire/road noise reduction on porous pavements through the application of the 
developed models. 
3. To analyze the influencing factors of skid resistance and tire/road noise on 
porous pavement and identify the critical parameters in mixture design. 
4. To develop an integrated approach that incorporates skid resistance and 
tire/road noise performances in the porous mixture design procedures. 
1.3  Organization of Thesis 
In order to achieve these objectives, research works have been performed as 
shown in Figure 1.1 which demonstrates the tasks taken to meet the objectives. The 
figure also provides the logic flowchart of the major components in this thesis. It is 
seen that two tracks on skid resistance and tire/road noise are developed and then 




integrated into the development of mixture design method to numerically investigate 
the skid resistance and tire/road noise performances of porous pavements. Following 
this flowchart, the thesis consists of: 
Chapter 1 provides the background of porous pavement technique and 
discusses its ability in improving pavement functional performances. The objectives 
of the current research work are highlighted as well. 
Chapter 2 reviews the existing literature on pavement skid resistance and 
tire/road noise. The standard measurement methods are introduced. The mechanisms 
and influencing factors observed in previous experimental studies are discussed as 
well. Research findings on porous pavements are then described. The existing models 
for skid resistance and tire/road noise are also extensively reviewed in detail. The 
needs of current research are highlighted based on the limitations of past studies and 
the scope of this research work is defined. 
Chapter 3 presents in detail the formulation and development of a numerical 
simulation model that is capable to evaluate the lock-wheel skid number on porous 
pavements. The critical issues in skid resistance modeling is first discussed and the 
solutions to these problems are then explained in detail. Emphasis is placed on the 
representation of porous surface drainage capacity. Model validation is conducted 
against published experimental results. 
Chapter 4 applies the developed numerical simulation model in Chapter 3 to 
analyze the mechanisms and influencing factors of skid resistance on porous 
pavements. The effect of porous surface layer on skid resistance is investigated 
through comparisons between situations on porous and non-porous pavements. The 
influence of porosity, porous layer thickness, rainfall intensity and vehicle speed is 
quantitatively analyzed based on hypothetical case studies. 
Chapter 5 presents the formulation and development of a numerical model 
that can estimate the near field noise level resulting from tire/road interaction on 
porous pavement. Some critical issues in tire/road noise modeling is discussed and 





the solutions are provided in the model development. Emphasis is placed on the 
numerical representation of the acoustic absorption of porous pavements. This model 
is also validated against reported experimental data. 
Chapter 6 applies the developed noise model in Chapter 5 to analyze the 
mechanisms and influencing factors of tire/road noise on porous pavements. The 
effect of porous surface layer on noise reduction is investigated through detailed 
comparisons of noise emissions on porous and non-porous pavements. The influence 
of porosity, porous layer thickness, pavement surface texture and vehicle speed on 
tire/road noise emission is analyzed. 
Chapter 7 proposes an analysis framework to integrate skid resistance and 
tire/road noise performances into the design of porous pavement. The considerations 
in the existing design methods are first introduced. A numerical approach based on 
extensive simulation results is then established to evaluate and compare the critical 
functional requirements in mixture design. The feasibility of the proposed method is 
illustrated through a case study. 
Chapter 8 summarizes the main conclusions drawn from the current research 
and provides recommendations for future work. 
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CHAPTER 2  LITERATURE REVIEW 
This chapter presents a review of the existing literature on the major aspects 
of this research, i.e. skid resistance and tire/road noise. The mechanisms of skid 
resistance and tire/road noise are first presented. Various measurement techniques are 
then described. Major influencing factors on pavement frictional and acoustical 
performances are next identified, with emphasis placed on their effects of porous 
pavements. Last but not least, the modeling of skid resistance and tire/road noise is 
presented. This chapter is then concluded by defining the research needs and the 
scope of current work. 
2.1  Wet-Pavement Skid Resistance 
The skid resistance performance of a wet pavement can significantly affect 
the driving safety in raining weather. Adequate skid resistance plays an important role 
in reducing the occurrences of wet weather roadway accidents related to hydroplaning, 
skidding and over-steering, while an insufficient skid resistance level is one of the 
major causes of traffic crashes. In a recent study, Ivan et al. (2012) indicated that the 
number of wet-weather vehicle crashes increases when pavement skid number drops, 
providing all other factors remaining constant. McGovern et al. (2011) noted that 
70% of the wet-pavement crashes can be prevented by improving the skid resistance. 
Similar results were also reported by Mayora and Pina (2009) based on a before-and-
after study, where wet-weather crash rates were found to reduce by about 68% 
through pavement friction improvement campaigns. 
Recognizing its importance in safe roadway operation, research efforts have 
been put forth to understand and improve pavement skid resistance over the past 
decades. This section presents a comprehensive literature review on the current 
knowledge of pavement skid resistance. After an overview on skid resistance is 
described, the classical theories on dry and wet pavement friction are presented. 
Various skid resistance measurement approaches are then introduced. Some 




important factors affecting the wet-pavement skid resistance are discussed, with 
emphasis placed on past experimental studies on porous pavements. Finally, recent 
developments in empirical and numerical skid resistance models are presented in 
detail. 
2.1.1  Overview of Wet-Pavement Skid Resistance 
Skid resistance is defined as the force developed when a tire prevented from 
rotating slides on the pavement surface (Highway Research Board, 1972). This term 
typically refers to the capability of pavements to resist tire sliding in wet condition, 
because the vast majority of pavement surface types can provide adequate frictional 
performance in dry condition (Woodside and Woodward, 2002). A resistance force 
ratio, defined as the force resisting motion divided by the vertical load, can serve as 
an indicator of pavement skid resistance performance. 
Three forms of skidding phenomena have been observed on roads, namely 
lock-wheel skidding, impending skidding and sideway skidding (Wu and Nagi, 1995). 
Lock-wheel skidding happens in the travel direction of a vehicle when the brake is 
suddenly applied. By applying the brake gradually, impending skidding takes place 
when the wheel is still rolling and skidding is imminent. Sideway skidding occurs to a 
vehicle travelling along a horizontal curve at a high speed. During sideway skidding, 
tire attempts to move literally towards outside of the curve. On a wet pavement 
surface, the lock-wheel condition is usually the most unfavourable skidding situation, 
because it exhibits the lowest skid resistance among the three forms of skidding at 
high speeds. Therefore, this research work only focuses on the lock-wheel skid 
resistance in the safety consideration of porous pavements. 
Wet-pavement skid resistance has been considered in design specifications 
for conventional pavements through several measures. First, sideway coefficient of 
friction is required in the highway geometric design for determining the minimum 
curve radius to prevent uncontrollable sideway skidding (AASHTO, 2011a). Second, 





cross slope and longitudinal grade should be properly designed to discharge rainwater 
efficiently to roadside drainage facilities. This measure maintains a sufficiently small 
water film thickness on the pavement surface and is considered effective in reducing 
hydroplaning occurrences (AASHTO, 2011a; Wolshon, 2004). Third, an assumed wet 
friction coefficient is used to derive stopping distance, and wet-weather travel safety 
should be considered when determining the speed limit (Lamm et al., 1999). 
Moreover, a minimum polished stone value (PSV) is usually specified in selection of 
aggregates (The Highways Agency, 2004). Dimensions of artificial texturing on 
concrete pavements are also recommended to enhance skid resistance (McGovern et 
al., 2011). 
Initially investigated in the late 1920s (Moyer, 1933), research on wet-
pavement skid resistance has gained significant progresses. Measurement approaches 
were developed (Wu and Nagi, 1995) and the mechanisms of skid resistance were 
proposed through experimental studies (Moore, 1966). It had been found that both 
pavement characteristics and tire properties are closely related to skid resistance 
performance (Woodside and Woodward, 2002). Skid resistance is also affected by 
water film thickness, environmental temperature, vehicle speed, tire inflation pressure, 
wheel load and many other factors (Hall et al., 2009). The presence of water film on 
pavement surface, which acts as a lubricant at tire-pavement interface, is critical in 
wet skid resistance (Delanne and Gothie, 2005). Strategies in design, construction and 
maintenance (such as asphalt surface treatments, thin asphalt overlays, concrete 
surface texturing and thin epoxy laminates) were also proposed to enhance the wet 
weather traveling safety on roadways (McGovern et al., 2011). 
2.1.2  Classical Theories on Tire-Pavement Friction 
The skid resistance phenomenon on wet pavement surfaces is so complex that 
to date its mechanisms are still not totally understood. It involves the combined 
effects of rubber friction, lubrication theory, fluid dynamics and tire mechanics. The 




classical tire-pavement friction theory may be a starting point for research in 
pavement skid resistance performance. Research on friction can be traced back to the 
15
th
 century, when Leonardo da Vinci developed the basic laws of friction and 
introduced the concept of the coefficient of friction (Leonardo and MacCurdy, 1948). 
Amontons (1699) and Coulomb (1785) later contributed to the five classical laws of 
friction, most of which are now found to be limitative (Moore, 1975). Equation (2.1) 
presents a friction theory proposed by Coulomb (1785) considering the works of 
Amontons (1699) and Desguliers (1734). 
NAF           (2.1) 
where F is the friction force, A represents the component attributed to the adhesive or 
cohesive effect, and μN refers to the deformation effect. This relationship cannot 
explain the low friction on lubricated surfaces, and suffers from the variations of 
parameters with speed and contact pressure. However, it forms the basis of modern 
contact mechanism modelling. 
2.1.2.1  Theories on Rubber Friction 
Friction mechanisms turn out to be much more complicated if rubber is 
involved. The classical laws of friction does not work on elastomers and the 
coefficient of friction becomes a variable depending on the real contact area, normal 
load and velocity (Brown, 1996). The study on the relaxation of polymers by 
Williams et al. (1955) was useful in presenting friction data at different temperatures 
and speeds. Gough (1958) described the general characteristics of rubber friction and 
illustrated the variation of frictional force with sliding velocity. The coefficient of 
friction was found to peak at a certain velocity. 
The adhesion and hysteresis effects were the first two components in rubber 
friction proposed and are based on Coulomb's laws (Moore and Geyer, 1972; 1974). 
It was assumed that the measured friction force F consists of an adhesion force Fadh 
and a hysteresis force Fhys when a rubber block slides on a rough surface under a 





uniform loading (Tabor, 1959). As shown in Equation (2.2) and (2.3), adhesion force 
can be expressed as the product of shear strength and actual contact area, while 












hys           (2.3) 
where fadh is the adhesion coefficient = 
L
Fadh , A is the actual contact area, An is the 
nominal area, s is the interface shear strength, p is the pressure on rubber block, L is 
the normal load, fhys is the hysteresis coefficient = 
L
Fhys
, Q is the volume of rubber 
participating in the deformation, D is the energy dissipated per unit volume of rubber 
due to damping, and b is the rubber sliding distance. 
The formulation of rubber friction was refined by Veith (1986), taking wear 
component Fwear into consideration to express the total friction force as:  
wearhysadh FFFF          (2.4) 
The adhesion component is usually dominant on smooth surfaces, while the 
hysteresis term normally governs friction on rough or lubricated surfaces. The wear 
term depends on the texture and hardness of contacting surfaces. It should be noted 
that all the three components are affected by the condition of interface, including the 
actual contact area and the presence of lubricants.  
Adhesion Effect 
The adhesion effect of skid resistance refers to the shear force developed at 
the tire-pavement interface when a tire is conformed to the shape of its contact area 
(Choubane et al., 2003). There exists an adhesion bonding of surface atoms between 
sliding members, and energy is needed to break this bonding. The dissipation of this 
energy presents difficulties in the development of adhesion theory for rubber (Veith, 




1986). Molecular theory and macroscopic theory are two main categories of adhesion 
theories (Moore and Geyer, 1972). The former typically takes the van der Waals force 
as the adhesion between rubber and solid, where a maximum coefficient of friction 
could be explained by the Eyring rate theory (Bowden and Tabor, 1964). The latter is 
based on phenomenological theory, assuming rubber is adhered to solid with a 
number of bonds in each domain, with each bond being able to sustain a finite small 
force (Savkoor, 1965).  
It was indicated in past pavement research that the adhesion component of 
skid resistance is governed by pavement microtexture (Jayawickrama and Graham, 
1995). Microtexture ensures physical penetration of the thin squeeze film at interface 
and a better tire draping effect at low vehicle speed, so that a good adhesion could 
develop (Moore, 1969; 1972). Previous studies also showed that the presence of 
water at the contact interface would reduce the adhesion effect significantly (Persson, 
1998). If the surface is completely lubricated, the adhesion component may even 
disappear (Highway Research Board, 1972). Therefore, appropriate surface drainage 
provided by pavement macrotexture is also important in maintaining adhesion effect. 
Hysteresis Effect 
Hysteresis is the resistance due to rubber deformation when energy losses 
occur in rubber which is subjected to cyclic stress variation. It is a characteristic 
feature of visco-elastic material when "flowing" over an uneven rigid surface and 
conforming to the surface contours. Hysteresis theories could be classified into three 
types: elastic and visco-elastic theories, single and multiple element models and force 
and energy concepts (Moore and Geyer, 1974). Greenwood and Tabor (1958) applied 
elastic theory to the concepts of hysteresis and conjectured that a small fraction of 
input elastic energy from the deformation of elastomers must be dissipated in the 
form of hysteric friction. Kummer (1966) and Hegmon (1969) proposed a unified 
theory of friction and a relaxation theory of hysteresis respectively, based on either 





semi-empirical analogy or energy concept. It is noted that skid resistance obtained 
from these works are extremely insensitive to speed, especially at lower sliding 
speeds. The theory developed by Yandell (1971), using a complex network of spring 
and dashpot elements, permitted large deformations and any value of Poisson's ratio, 
rigidity and damping factor. The contribution of hysteric effect due to microtexture 
and macrotexture can be identified by the superposition principle. 
Although Yandell (1971) indicated that both microtexture and macrotexture 
affects hysteresis friction, it is generally believed that its magnitude is determined by 
the pavement macrotexture (Jayawickrama and Graham, 1995). The contribution of 
hysteresis to the total pavement friction is usually small. However, its contribution 
may become significant when pavement is slippery, due to either lubrication, round 
microtexture or high speed (Schulze and Beckman, 1965; Highway Research Board, 
1972). It was also found that when a tire starts to skid, the adhesion component 
begins to decrease and the share of hysteresis effect increases relatively (Choubane et 
al., 2003). 
Wear Effect 
The wear component of friction results from the work being done to make 
material loss from one or both surfaces of the sliding pair (Veith, 1986). Three 
distinct mechanisms have been identified for rubber wear (Moore, 1972): (a) abrasive 
wear - abrasion and tearing of sliding elastomers caused by sharp texture on base 
surface; (b) fatigue wear - the failure of elastomers surface under cyclic strain and 
stress from the repeated deformation on blunt but rough base surface; (c) roll 
formation - the tearing of rolled fragment when highly elastic materials slide on 
smooth surfaces. The fatigue wear is relatively less severe than the other two, 
although all the three forms of wear generally co-exist simultaneously. 
The extent of passenger car tire wear was measured on a series of pavements 
in Transportation and Road Research Laboratory (Lowne, 1970). It was concluded 




that microtexture is the governing pavement surface characteristic for tire wear, while 
macrotexture plays a secondary role. Wear rate increases with an increase in speed or 
temperature, and is especially high when rubber melting occurs. Wear rate decreases 
when the amount of water at the interface grows, which was thought by Stachowiak 
and Batchelor (2005) to be the consequence of hydrodynamic lubricating effect. 
2.1.2.2  Lubrication at Contact Interface 
Most modern pavement surfaces can provide sufficient skid resistance when 
they are dry. However, frictional performance decreases dramatically during wet 
weather, especially when the vehicle is traveling at high travel speeds (Wu and Nagi, 
1995). Water film acts as a lubricant between tire and pavement surface and affects 
skid resistance. This phenomenon can be explained by lubrication theories. The 
modern lubrication theories were developed from Reynolds' hydrodynamic theory of 
lubrication for incompressible fluid (Reynolds, 1886). There are two basic methods to 
derive Reynolds' theory. One is to use the continuity and Navier-Stokes equations, 
and the other is to apply the principles of mass conservation and the laws of viscous 
flow (Pinkus and Sterlicht, 1961; Cameron, 1976; Gross et al., 1980; Hamrock, 1994). 
There are no general closed-form solutions for these equations and typically, 
numerical methods are required (Bhushan, 2002). 
The generalized Reynolds' equation consists of three components, namely the 
wedge term, the stretch term and the squeeze film term. The wedge term is the most 
significant of these three due to the film thickness variations and the possibilities of 
absence of the other two terms (Moore, 1975). Hydrodynamic lubrication, subjected 
to the surface roughness, contributes to four different forms of load supports, namely 
directional effect, macro-elasto-hydrodynamic effect, cavitation effect and viscosity 
effect. If the deformation of surrounding solids has a significant influence on the 
development process of hydrodynamic lubrication, elasto-hydrodynamic lubrication 
is said to occur. In this situation, two additional effects should be accounted for in the 





classical theory, namely the influence of high pressure on the viscosity of fluid and 
the substantial local deformation of fluid geometry. Iterative procedure (see Figure 
2.1) is often used in the study of elasto-hydrodynamic problems.  
In a simple tire traction model developed by Veith (1983), three types of 
lubricated friction modes were proposed, namely boundary layer lubrication, elasto-
hydrodynamic lubrication and mixed lubrication. Boundary layer lubrication mode 
occurs at low velocity, when tire and pavement are in relatively intimate contact with 
a molecular thick water film between them. Elasto-hydrodynamic lubrication occurs 
at high velocity, when an elastic indentation of the tire tread develops due to water 
accumulating at the leading edge of contact interface and an upward hydrodynamic 
pressure is generated. Mixed lubrication mode occurs at intermediate velocity. It is a 
transition between the previous two situations. A part of contact interface (usually the 
front part) is in the state of elasto-hydrodynamic lubrication while the other part is in 
boundary lubrication mode. Mixed lubrication mode is the most common situation in 
practice and it is closely related to the three-zone model discussed below. 
2.1.2.3  Three-Zone Model 
In order to describe the wet friction phenomenon in tire-pavement interaction, 
a three-zone model was proposed by Gough (1959) for a lock-wheel skidding on wet 
pavements. This model was further developed by Moore (1966) for a rolling wheel. 
The concepts of three-zone model are demonstrated in Figure 2.2.  
Zone A: Squeeze-Film Zone 
When a vehicle is traveling at a relatively high speed on a pavement surface 
covered by a thick water film, the front of tire contact area would be deformed by a 
water wedge. This situation corresponds to the elasto-hydrodynamic lubrication mode. 
The friction force developed at this zone is mainly determined from the bulk 
properties of lubricant, such as the viscosity and velocity gradient of water. If the 




hydrodynamic uplift force grows to be the same as the vertical load, hydroplaning is 
said to have occurred (Browne, 1975). 
Zone B: Transition Zone 
It is also known as draping zone, as it begins when tire elements start to drape 
over the major asperities of pavement surface and still make contact with some minor 
asperities. Mixed lubrication mode exists in this zone, and it is a transition between 
Zone A and Zone C. Partial hydroplaning may still happen, even though the vehicle 
speed is not as high as that in total hydroplaning (Balmer and Gallaway, 1983). 
Zone C: Traction Zone 
This region is usually at the tail end of contact interface, where tire elements 
can attain an equilibrium position on pavement surface after draping. Boundary layer 
lubrication dominates in this situation, providing a well-developed friction capability 
by an intimate contact between tire tread and pavement surface. Both properties of 
contacting solids and characteristics of lubricant are important for the friction force 
development in this zone. 
At a very low speed, only Zone C exists on a wet pavement and it governs the 
skid resistance performance. With an increase in vehicle speed, the areas of Zone A 
and Zone B get larger while that of Zone C is reduced. Upon hydroplaning, there is 
no contact, i.e. Zone C has completely disappeared. 
2.1.3  Pavement Skid Resistance Measurement 
The classical friction theories are insufficient to completely understand the 
mechanisms in wet-pavement skid resistance, therefore research efforts were made to 
better understand skid resistance phenomenon and evaluate the pavement frictional 
performance. Various measurement devices and methodologies have been developed 
and used around the world. Each was specially designed in particular aspects. In the 
United States, standard test methods have been established by the American Society 





for Testing and Materials (ASTM, 2004; 2006; 2008a-b; 2009a-d; 2011a-b; 2012b; 
2013b-c). Similar specifications have also been issued by organizations in other 
countries, such as the British Standards Institution (2000a-b; BSI, 2009). 
The skid resistance measurement methods can be broadly classified into two 
groups: direct and indirect approaches. The direct method produces an output in the 
form of friction coefficient. Lock-wheel method (ASTM, 2011a), slip method (ASTM, 
2011b), side-force method (ASTM, 2009b) and British pendulum tester (ASTM, 
2013b) are all direct approaches. The indirect method typically measures texture 
property of a pavement surface and the friction parameters are then deduced through 
empirical correlations. Sand patch test (BSI, 2000b; ASTM, 2006) and sensor-
measured texture depth (ASTM, 2009a; 2009c) are typical indirect measurements of 
skid resistance. The representative direct skid resistance measurement methods are 
introduced in the following sub-sections, which are further classified into laboratory 
measurements and in-situ measurements. 
2.1.3.1  Laboratory Measurement of Skid Resistance 
British pendulum tester (BPT, see Figure 2.3) is widely used to measure the 
skid resistance of pavement materials in the laboratory. The procedures of measuring 
pavement friction using BPT are specified by ASTM E303 standard (ASTM, 2013b). 
Skid resistance, related to the energy loss during rubber sliding on pavement surface, 
can be measured in BPT through the difference in pendulum height before and after 
the interactions between rubber slider and pavement sample (Henry, 2000). BPT can 
measure the friction level at very low speeds (about 10 km/h) and the resulted British 
pendulum number (BPN) is usually taken as an indicator of pavement microtexture. 
A disadvantage of BPT is that it can only evaluate the skid resistance of discrete 
locations at a single speed, and as such, no continuous measurement is available.  
Dynamic friction tester (DFT, see Figure 2.4) was designed to measure the 
speed dependency of pavement friction (Saito et al., 1996). This test is standardized 




in ASTM E1911 (ASTM, 2009d). DFT device consists of a horizontal spinning disk 
fitted with three spring loaded rubber sliders that contact the pavement surface as the 
disk rotational speed decreases due to friction. Water is applied to the tested surface. 
The torque generated by the friction force measured during the spin down is then 
used to calculate the friction as a function of speed. 
Polished stone value (PSV) test (BSI, 2009) is usually employed to evaluate 
the long term frictional performance of pavements. An accelerated polishing machine 
(see Figure 2.5) is used to polish the samples before their friction properties are tested 
by the BPT. The experiment is designed to simulate the polishing effects of traffic on 
pavement surface materials and to estimate the friction losses due to traffic polishing. 
2.1.3.2  Field Measurement of Skid Resistance 
The laboratory tests commonly cannot measure high speed skid resistance 
using the real tires. Therefore, in-field measurements are developed to evaluate the 
actual friction experienced by vehicles. The field measurements of pavement skid 
resistance can be generally divided into four classifications: lock-wheel method, slip 
method, side-force method and stopping distance method. A major advantage of field 
tests is that the measurement can be conducted at highway operation speeds. The 
selection of different methods depends on the test purpose and availability of devices. 
The lock-wheel skid resistance trailer (see Figure 2.6) is preferred for field 
measurement of skid resistance by most highway agencies in the U.S. due to its 
ability to define and control most operational variables (such as water application, tire 
type, inflation pressure and wheel load). Lock-wheel test represents a critical braking 
status and the skid resistance measured in this condition is the lowest in the normal 
tire slip range. Skid number (SN) can be determined from the test procedures 
specified in ASTM E274 (ASTM, 2011a). The tests can be conducted at various 
speeds to establish the relationship between skid resistance and sliding speed. A 
disadvantage of this method lies in its discontinuous piece-wise measurements, which 





may overlook some localized low friction spots within a pavement section. Other 
lock-wheel devices used across the world include Stuttgarter Reibungsmesser, 
Skiddometer BV8 (Zoeppritz, 1977) and front locked wheel car (Albert and Walker, 
1968). 
Unlike the lock-wheel approach, slip method is used to measure the braking 
performance of vehicles with anti-lock systems. Its output is brake slip number (BSN), 
which depends on travel speed and slip ratio. Both fixed slip and variable slip devices 
have been developed. The Griptester (see Figure 2.7), available since 1987, is one of 
the most commonly-used fixed slip devices and its test procedure is specified in the 
BS 7941-2 standard (BSI, 2000a). ASTM E1859 (ASTM, 2011b) provides a friction 
evaluation method using the variable slip technique. Slip methods provide continuous 
measurement without the undue wear on tire. The tests can be used to determine peak 
braking force coefficient and the relationship between skid resistance and slip ratio.  
The sideway-force coefficient (SFC) is defined as the ratio between sideway 
force (force perpendicular to tire plane, see Figure 2.8) and vertical load. It indicates 
the ability of pavement surface to keep a vehicle under control when it travels on a 
horizontal curve. SFC depends not only on vehicle speed, but also on yaw angle, the 
angle between tire plane and vehicle motion direction (see Figure 2.8). The use of 
Mu-Meter (see Figure 2.9) in measuring pavement sideway friction is specified by 
ASTM E670 (ASTM, 2009b). Another famous sideway-force device widely used in 
Europe is the Sideway-Force Coefficient Routine Investigation Machine (SCRIM, see 
Figure 2.10). It is specified as the standard device to be used in monitoring the in-
service skid resistance of UK trunk roads for maintenance purpose (The Highways 
Agency, 2004). These devices make it possible to measure wet friction continuously 
over pavement sections, with a higher probability in detecting the locations with poor 
skid resistance performance.  
Stopping distance method measures the distance required by a given vehicle 
traveling at a specific speed to stop completely on a wet pavement, usually with all 




wheels locked. ASTM E445 (ASTM, 2013c) specifies the standard procedures for 
this approach. Coefficient of friction is expressed as a function of stopping distance, 
which is calculated from Equation (2.5) using the energy conservation principle. 
 DVf 302          (2.5) 
where f is the average coefficient of friction; V is the initial speed in mph; and D is 
the stopping distance in feet. Although this method provides an estimation of actual 
stopping distance on roads, it poses a hazard to both traffic operations and test driver.  
All these skid resistance measurement methods have been widely used in 
pavement friction studies (Wu and Nagi, 1995; Henry, 2000; PIARC, 2005). 
Correctly selecting the appropriate method for a specific problem is crucial to the 
proper assessment of pavement frictional performance. The extensive research on 
skid resistance measurements have led to a comprehensive understanding on the 
mechanisms of  wet-pavement skid resistance. 
2.1.4  Factors Affecting Wet-Pavement Skid Resistance 
Numerous experimental studies on wet-pavement skid resistance have been 
conducted globally using various measurement devices and techniques (Wu and Nagi, 
1995; Henry, 2000; PIARC, 2005; Woodside and Woodward, 2002). The majority of 
these research studies focused on analyzing the factors affecting pavement skid 
resistance performance. For simplification, these factors are broadly classified into 
four groups: (a) pavement surface characteristics; (b) tire and vehicle properties; (c) 
presence of lubricant; and (d) environment factors. The following sub-sections shall 
discuss in detail the influences of the critical factors affecting skid resistance. 
2.1.4.1  Pavement Surface Characteristics 
Early experiments had emphasized the comparison between frictional 
performances of different pavement types, for example Moyer (1933) and Stinson 
and Roberts (1933). Either the towed trailer or the stopping distance method was used 





in past experimental studies (Moyer, 1935; Martin, 1939; Michael and Grunau, 1956; 
Nichols et al., 1956; Clemmer, 1958; Wambold et al., 1986; Roe et al., 1998; 
Choubane et al., 2003). It was found that pavement surface characteristics have 
profound effects on its frictional performance. It includes both surface texture and 
deterioration. Pavement surface textures can be classified into microtexture, 
macrotexture, megatexture and unevenness based on their wavelengths (ISO, 1997b; 
PIARC, 1991). Microtexture and macrotexture (see Figure 2.11) are dominant factors 
in wet pavement skid resistance, while megatexture and unevenness result essentially 
in poor riding comfort (Wu and Nagi, 1995).  
Microtexture 
Microtexture refers to the irregularity measured on aggregate surface at micro 
scale, although the definition of its wavelength range is controversial among different 
standards (Forster, 1989; PIARC, 2005; ASTM, 2012b). Microtexture is a function of 
aggregate mineralogy under the conditions of weather, traffic and pavement aging 
(Kokkalis and Panagouli, 1998). It plays a fundamental role in the skid resistance by 
enhancing the adhesion effect. A harsh microtexture provides good friction condition, 
while a polished microtexture commonly gives poor frictional performance even at 
low speeds (Leland and Taylor, 1965). The mechanisms of microtexture effect are 
complex because it affects the molecular and electrical interaction between tire and 
pavement surface (Kummer, 1966). However, it is understood that the microtexture 
contributes to skid resistance at all speeds and in both dry and wet conditions. 
Macrotexture 
Macrotexture refers to the irregularity on pavement surface measured in the 
scale of millimeter, which is usually visible to naked eyes. It is determined by the 
mixture design, attributed to aggregate size, shape, angularity, spacing and gradation. 
The main function of macrotexture in skid resistance is to provide necessary surface 




drainage to help dispel the water at tire-pavement interface (Martin, 1939; Giles, 
1963). It also contributes to skid resistance by inducing deformations on tire tread to 
produce more hysteresis losses. Rougher macrotexture can make the decline of tire-
pavement friction with increasing speed less rapid (see Figure 2.12), so that good skid 
resistance is maintained at high speed (Sabey, 1966; Highway Research Board, 1972). 
Roughness 
Pavement roughness, considered to be 50 mm and larger, covers the range of 
both megatexture (50 to 500 mm) and unevenness (0.5 to 50 m). It affects vehicle 
dynamics, ride quality, dynamic loading, and drainage (Wu and Nagi, 1995). Studies 
on traffic safety have noted that multiple-vehicle accidents increase as pavement 
roughness increases (Al-Masaeid, 1997; Cenek et al., 2004). It was also found that the 
dynamic changes in normal load with variable pavement roughness may result in skid 
resistance reductions. A recent experimental study conducted by Fuentes et al. (2010) 
presented a significantly lower skid resistance on relatively rougher pavement section 
even though the microtexture and macrotexture were similar. Further analysis showed 
that dynamic load coefficient (the ratio between standard deviation of dynamic load 
variation and static normal load) is more appropriate than international roughness 
index to represent the effect of roughness on skid resistance. 
Pavement Deterioration 
Most surface distresses not only affect the structural capacity of pavement but 
also can affect traveling safety. Aggregate polishing directly reduces pavement 
microtexture and surface wear reduces its macrotexture. Therefore, skid resistance 
diminishes at all travel speeds as a result of traffic polishing (Gandhi et al., 1991). 
Bleeding occurs at high temperatures on bituminous pavements due to the excess 
asphalt. It reduces both macrotexture and microtexture, resulting in a lower skid 
resistance as well as higher hydroplaning risk. Rutting and pothole collect rainwater 





to form thicker water films locally. This excess water may lead to hydroplaning and 
low skid resistance, as well as splash and spray. 
2.1.4.2  Tire Properties and Vehicle Operation Condition 
Tire properties and vehicle operation condition were found to significantly 
affect frictional performance. Patterned tire tread is an effective measure to discharge 
water from the contact patch, especially on the smooth pavements with poor 
macrotexture (Giles and Lander, 1956; Marick, 1959; Gengenback, 1968; Lander and 
Williams, 1968). Sufficient tread depth is required by legal provisions in many 
countries, such as a minimum tread depth of 1.6 mm specified in UK, and 4 mm in 
Germany (Woodside and Woodward, 2002). On wet pavements, worn tires cannot 
provide enough drainage capacity through their treads and may pose serious hazards 
to drivers and passengers. All the geometric features of tread pattern, such as groove 
depth, groove width and rib dimension, affect the frictional performance (Marick, 
1959; Maycock, 1967; Kelly, 1968). Moreover, Williams and Meades (1975) and 
Dijks (1976) reported that truck tires normally provide remarkably lower skid 
resistance than passenger car tires. 
Vehicle speed is another important factor known to affect wet-pavement skid 
resistance. It was reported that most of the wet-skid accidents happens at high speeds 
(Wambold et al., 1986). As shown in Figure 2.13, skid resistance decreases with an 
increase in vehicle speed on wet pavements. The early Iowa study (Moyer, 1933), the 
study at Michigan State University (Mercer, 1958) and the NACA study (Trant, 1959) 
all provided consistent observations with regard to the speed dependency of skid 
resistance on wet pavement surfaces. 
According to Kummer and Meyer (1967), vehicle tires may be in one of the 
following three operation modes when running on the roads: skidding, slipping or 
rolling. The wheel slip condition, including slip ratio and slip angle, was also found to 
be influential on skid resistance (Moyer, 1933). The slip ratio (S) is defined as: 




   tS 100         (2.6) 
where ω is the angular velocity of a rolling tire corresponding to the travel speed and 
ωt is the angular velocity of a slipping tire. As shown in Figure 2.14, the coefficient of 
friction grows initially with an increase of slip ratio until the peak value at critical slip 
and decreases afterwards until a lower value at locked wheel condition, namely 100% 
slip (Wu and Nagi, 1995). The critical slip ratio was reported to be between 7% and 
25% slip (Trant, 1959; Holmes, 1970) and can vary with speeds. A similar trend was 
found with an increase in slip angle, which is defined as the angle between the tire 
plane and the forward direction of vehicle motion (Gillespie, 1992).  
2.1.4.3  Presence of Lubricant 
Dry-pavement friction is commonly sufficient and hardly speed-dependent. 
Moyer (1963) suggested a skid number of 1080  for the typical dry tire-pavement 
interfaces. However, significant reductions in skid resistance occur once contaminant 
such as water or oil is present on pavement surface (Moyer, 1933; Staughton and 
Williams, 1970; Delanne and Gothie, 2005). It is noticed that even a very thin film of 
water can cause a remarkable decrease in skid resistance, especially on surfaces with 
poor microtexture (Leland et al., 1968). As shown in Figure 2.13, at the same travel 
speed, a thicker water film will cause a greater decrease in skid resistance (Trant, 
1959; Benedetto, 2002). Studies (Pelloli, 1976; Balmer and Gallaway, 1983; Veith, 
1983) also found that the effect of water depth is more obvious at higher speed. 
Staughton and Williams (1970) indicated that the influence of water depth on the 
reduction rate of skid resistance was significant in the first 4 mm water film thickness. 
2.1.4.4  Environment Factors 
Temperature and precipitation are two major environment factors affecting 
short-term skid resistance performance. Generally, with all the other variables being 
equal, a lower skid resistance can be expected at a higher temperature. Changes in 





water and asphalt viscosities were suggested by Moyer (1959) as the main reason of 
decreasing friction with the increasing temperature. Another possible cause may be 
the lower hysteresis loss in a rubber tire at higher temperature (Giles and Sabey, 
1959). Studies on precipitation-related variations of pavement friction indicated that 
the wet-pavement skid resistance is a bit lower after a dry period and higher after a 
rainstorm (Barry and Henry, 1981; Saito and Henry, 1983). The accumulation of dust 
and debris within pavement surface texture is believed to be the reason for such 
precipitation-related variations. 
Pavement skid resistance has been found to vary with season as well. Studies 
showed that, on the same pavement section, a higher friction level can be expected in 
winter and spring, while a lower level in summer and autumn (Giles and Sabey, 1959; 
Burchett and Rizenbergs, 1980; Kulakowski et al., 1990). The varying range can be 
as large as 25% across seasons (Gargett, 1990; Jayawickrama and Thomas, 1998). 
Temperature and precipitation are believed to be two important reasons for the 
seasonal variations in skid resistance (Burchett and Rizenbergs, 1980). It was also 
observed that pavement microtexture is harsher in winter, providing higher adhesion 
effect in tire-pavement interaction (The Highways Agency, 2004).  
Other influencing factors on wet-pavement skid resistance found in the past 
experimental studies include tire pressure (Moyer, 1933; Gengenback, 1968), wheel 
load (Stinson and Roberts, 1933; Giles, 1963) and aggregate property (Nichols et al., 
1956; Stutzenberger and Havens, 1958; White, 1958). Quantitative analysis of 
various influencing factors have provided researchers and engineers the intuitive 
knowledge on wet-pavement skid resistance and made further understanding of its 
mechanisms possible. However, most of the previously discussed experiments were 
performed on conventional pavements. Although similar principles are applicable on 
porous pavements, there will be more influencing factors affecting porous pavement 
skid resistance. 




2.1.5  Skid Resistance on Porous Pavements 
From past research on wet-pavement skid resistance, pavement surface 
macrotexture has consistently been identified to be critical to the frictional 
performance at high speed (Highway Research Board, 1972). It governs the drainage 
capacity of pavement surfaces under a skidding tire. Various engineering measures 
have been developed to enhance the macrotexture and drainage capacity of pavement 
surface. This includes tining, grooving, chip seal and porous friction course. Porous 
pavement, whose high porosity facilitates the drainage of water from tire-pavement 
interface, is found to be effective in improving pavement skid resistance performance 
in wet weather (FHWA, 1998). 
Porous pavement applications in the U.S. primarily attempt to reduce road 
accidents in wet weather. Numerous comparison studies have shown the superiority 
of porous pavements in skid resistance. Moyer (1959) conducted experiments on over 
300 pavement sections in California and compared the friction levels of open-graded 
asphalt surfaces to those of dense-graded asphalt surfaces. It was found that open-
graded mixtures had a skid resistance level 10% to 20% higher than that of dense-
graded asphalt. In another experimental study sponsored by the Federal Highway 
Administration, 45 in-service pavement sections with various surface types were 
tested (Page, 1977). It was found that open-graded asphalt pavements performed 
better in skid resistance than other pavement types under heavy or medium traffic 
conditions. Dynamic friction tester was used in a field evaluation in the State of 
Indiana (McDaniel et al., 2004) to compare the wet frictional performances among 
porous friction course (PFC), stone matrix asphalt (SMA) and conventional hot mix 
asphalt (HMA). It was observed that the average DFT value of SMA was lower than 
that of PFC or HMA, and the higher friction of PFC might have resulted from its 
higher macrotexture. Furthermore, the long-term frictional performance of Indiana 
PFC pavements was monitored as well (Kowalski et al., 2009). Both DFT and lock-





wheel trailer were used in the measurements. It was found that the long-term skid 
resistance performance of PFC was much better than that of conventional HMA. 
Superior skid resistance on porous pavements was also widely observed in other 
research studies, such as the FHWA demonstration project “Improved Skid Resistant 
Pavements” (Pelletier, 1976), the performance evaluation of open-graded asphalt 
pavements in Oregon (Huddleston et al., 1991), the experiments in Arizona using mu-
meters (Hossain et al., 1992), the studies on pavement surface characteristics at 
Virginia Smart Road (Davis, 2001) , the development of functionally optimized PFC 
(McGhee et al., 2009) and the application of thin-lift asphalt surface courses in New 
Jersey (Bennert et al., 2005). 
Besides the higher skid resistance at specific speeds, another benefit porous 
pavements can provide to the road users is the relatively speed-independent frictional 
performance. Porous pavements were involved in the study of skid number-speed 
gradients in Colorado (Steere, 1976). The test results provided solid evidences of a 
significantly less degree of skid resistance deterioration with increasing travel speed 
on Colorado Type-A open graded plant mix seal coats. Gallaway et al. (1979) found 
that skid resistance performance of open-graded friction courses was less sensitive to 
vehicle speed when compared to lightweight aggregate slurry seal and longitudinal 
grooved concrete pavements. Lock-wheel trailer was used in Florida to measure skid 
resistance on various types of pavements at different speeds (Page, 1993). The results 
showed that frictional characteristics remained relatively stable with speed variation 
on open graded friction courses (OGFC). Friction tests performed by Younger et al. 
(1994) evaluated the performance of porous pavements used in Oregon and found 
that the wet friction numbers of porous pavements were retained better at higher 
speeds than those on conventional dense-graded pavements. 
Isenring et al. (1990) also studied the skid resistance variation with vehicle 
speed on porous pavements in Switzerland, measuring pavement friction properties 
by Skiddometer BV8. Both lock-wheel and brake-wheel (with a 14% slip ratio) tests 




were conducted using a ribbed PIARC skid test tire. Several useful conclusions were 
drawn from this study: (a) friction values of porous asphalt pavements are hardly 
speed dependent; (b) skidding properties of porous asphalt is poorer than that of 
conventional mixtures at lower speeds, where microtexture is more relevant and the 
function of macrotexture is insignificant; (c) at higher speed, skid resistance of porous 
pavement is generally higher compared to that of dense-graded surface, due to its 
higher macrotexture. Although lesser speed dependency was observed in the porous 
pavement skid resistance when compared to that on conventional pavement, the 
friction values do decrease with the increase of vehicle speed (McDaniel et al., 2004). 
With the consensus that porous pavements are capable to maintain a superior 
wet skid resistance at high speeds, research efforts were made to relate the frictional 
performance to various influencing factors. Correlation between British pendulum 
number and skid trailer measurement on open-graded course was proposed by Mullen 
(1972) in his research to predict field skid numbers using laboratory test BPN results. 
It was found that the relationship between SN and BPN of porous pavement was 
different from that of dense-graded mixture. Seasonal variation of skid resistance on 
open-graded asphalt pavements was studied using the lock-wheel method in 
Pennsylvania (Dahir et al., 1979) and a model involving season and weather effects 
was proposed. Variables considered in this model include rainfall during the previous 
week, tire and pavement temperature, time in a year and polishing susceptibility and 
polishing rate of aggregates. McDaniel et al. (2004) indicated that the superior skid 
resistance of porous friction course may be a result from its higher mean profile depth 
(MPD), which is an indicator of surface macrotexture level. However, Jackson et al. 
(2005) showed that there was no clear relationship between MPD and friction number, 
and macrotexture alone was not a good predictor for overall friction property. It was 
also found that aggregate gradation has a significant influence on wet skid resistance 
performance of porous pavements (Xing et al., 2010). 





A major adverse effect of porous surface on skid resistance identified from 
past studies is that a potential skidding hazard may exist on a porous pavement when 
it is opened to traffic immediately after construction (Younger et al., 1994; Liu et al., 
2010; McGhee and Clark, 2010). The lock-wheel test results from the experiments 
conducted by Isenring et al. (1990) clearly showed that the skid resistance on porous 
asphalt was relatively lower in the initial stage after construction and increased after 
the first winter. The generally poorer microtexture and thicker bitumen film on newly 
laid porous asphalt surfaces were believed to be the causes of such a phenomenon. A 
Dutch study by Deuss (1994) showed a 25% to 30% lower skid resistance on new 
porous pavements as compared to new dense-graded pavements . However, friction 
properties would improve after a certain time range (which can be from weeks to 
months, depending on the traffic condition) when the binder coating on pavement 
surface has worn off. These studies also suggested that aggregates with high anti-
polish properties and good angular shapes should be used in porous asphalt to provide 
satisfactory microtexture and macrotexture. 
Besides the above mentioned research studies, numerous studies on skid 
resistance on porous pavements were perfomed in other countries, such as Canada 
(Ryell et al., 1979), Japan (Yoshiki et al., 2005) and Spain (Miró et al., 2009). 
Moreover, the application of porous surfaces to enhance skid resistance has been 
studied on runways (Brownie, 1977) and bridge deck pavements (Brewer, 1971). 
Although the aspect of porous pavement skid resistance had been studied in past 
research, applications in the field are still experience-based. There is still a lack of 
understanding in porous pavement skid resistance mechanisms and how factors can 
influence skid resistance on porous pavement. This posts difficulties in the efficient 
design, construction and maintenance of porous pavements and hence limits their 
applications. 




2.1.6  Existing Models for Skid Resistance 
Pavement surface characteristics and vehicle operation conditions have been 
identified as critical factors influencing wet-pavement skid resistance. It is necessary 
to establish quantitative relationships between skid resistance indices and potential 
influencing factors so that skid resistance mechanisms can be better understood and 
pavement frictional performance can be predicted. This is important for both 
pavement construction and maintenance. Although tire-pavement friction in dry 
condition has been theoretically studied, fundamental theories describing the physics 
of tire-water-pavement interaction are still not available to date. The existing skid 
resistance models can be broadly classified into two categories: empirical approaches 
and mechanistic methods. The former involves conducting experiments and deriving 
regression equations to relate skid resistance indices with measurable parameters. The 
latter relies on finite element method to numerically reproduce the phenomenon. The 
developments in these two approaches are reviewed in this section, with emphasis 
being placed on recent progresses. 
2.1.6.1  Empirical Models for Skid Resistance 
Past researchers had developed empirical relationships to describe the skid 
resistance performance using some pavement-related factors (Henry, 1986; Meyer 
1991; Rezaei et al., 2011). Surface microtexture and macrotexture were identified as 
two of the most crucial parameters affecting skid resistance. The variations in skid 
resistance with vehicle sliding speed has been considered in the literature because of 
the fact that most wet-weather traffic accidents were a result of insufficient skid 
resistance during high-speed travel. Skid numbers at different speeds can be predicted 
considering aggregate properties and gradation. 
Henry (1986) proposed a regression equation to estimate skid number at 40 
mph using the British pendulum number (BPN) and mean texture depth (MTD) 
measured on a pavement surface. The linear relationship was presented as: 





40 0.884 5.16 17.8SN BPN MTD      (
2 0.86R  )   (2.7) 
where BPN and MTD could be measured following the specifications ASTM E303 
(ASTM, 2013b) and ASTM E965 (ASTM, 2006), respectively. Both variables are 
easy to obtain using portable apparatus. Since BPN is normally used as a surrogate 
microtexture parameter and MTD is an alternative measure of the macrotexture, this 
simple relationship reveals the fact that the skid number at a given speed is closely 
related to the microtexture and macrotexture of a pavement surface. However, the 
effect of sliding speed is not included in this model, which cause it fail to predict the 
skid number at speeds other than 40 mph. 
Taking speed variation into consideration, Kulakowski and Meyer (1989) 






          (2.8) 
where SN0 is the intercept at zero speed, which is an indication of low speed frictional 
performance. It is seen as a microtexture parameter and is found to be well correlated 
to the BPN measurement by the following equation (Henry and Meyer, 1983): 
0 1.32 34.9SN BPN    (
2 0.95R  )     (2.9) 
v0 is a speed constant which can be calculated by solving Equation (2.10) if the ribbed 
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This model assumes a simple relationship between the skid number and sliding speed. 
However, the influence of pavement macrotexture on skid resistance is eliminated by 
the simple speed constant. Besides, in-field skid resistance tests have to be conducted 
in order to derive the speed constant before the model can be applied. 
To overcome these limitations, Meyer (1991) introduced the concept of PNG 
to improve the empirical model between skid number and vehicle speed: 
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where PNG is the percentage normalized gradient of the SN versus v curve. It actually 
describes the rate at which the skid number decreases with the sliding speed, and it is 
found to be closely related to the pavement macrotexture by a non-linear relationship 
(Henry and Meyer, 1983): 
0.470.45PNG MTD   ( 2 0.96R  )              (2.13) 
This model is widely used because it involves both the microtexture and macrotexture 
of pavement surface and is able to predict the skid number at any speed. Many other 
studies were conducted to develop various models in estimating SN0 and PNG, then 
use Equation (2.11) to predict SNv. Despite its successful applications, Meyer's model 
is feasible only after the construction of pavements, when the in-situ measurements of 
surface textures are available. This model is more useful in pavement maintenance, 
but may get less effective in the design phase of pavement mixture. 
Recognizing that microtexture of an in-service pavement is decided by the 
texture of aggregates and its macrotexture depends on the gradation and angularity of 
aggregates, Rezaei et al. (2011) developed a skid resistance prediction model based 
on aggregate property and gradation. The aggregate gradation is accounted for by a 
cumulative two-parameter Weibull distribution. The texture on aggregate surface 
before and after polishing is obtained by using the aggregate imaging system (Masad 
et al., 2005). Based on laboratory experiments, the initial aggregate texture (aagg+bagg) 
and the rate of change in aggregate texture (cagg) is derived by: 
0.9848 3.1735agg agg BMDa b T                   (2.14) 
0.130.0217 TLaggc ARI
                  (2.15) 
























                  (2.17) 
where TBMD is the texture before micro-Deval, TAMD is the texture after micro-Deval, 
ARI is the aggregate roughness index, and TL is the texture loss. Taking advantage of 
the concept of international friction index (IFI), the initial IFI value (amix+bmix), the 
terminal IFI value (amix) and the rate of change in the IFI for the mixture (cmix) could 
be regressed by: 
 40.4984 ln[5.656 10mix mix agg agga b a b      
                   















                  (2.20) 
where λ and κ are the two variables in Weibull distribution, known as scale and shape 
parameters. With the initial and terminal IFI values and the rate of change known, the 
IFI at a given polishing cycles can be calculated by: 
( ) mix
c N
mix mixIFI N a b e
                    (2.21) 
where N is the increments of 1,000 polishing cycles conducted by the National Center 
of Asphalt Technology (NCAT) polisher on the compacted slab. It could be related to 
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Closely related to aggregate gradation, the mean profile depth (MPD) of a pavement 
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Once the IFI and MPD are determined, the skid number at 50 km/h (SN50) can then be 
derived from a modified PIARC relationship: 
 
20
50 5.135 128.486 0.045
pSSN IFI e

                  (2.24) 
14.2 89.7pS MPD                   (2.25) 
This model could be used to decide the desired aggregate properties and gradation in 
the design process of pavement mixture. It does not consider the influence of binder 
content and property on pavement textures and skid resistance. The prediction of IFI 
from aggregate tests and the estimation of SN from IFI and MPD in Rezaei et al.'s 
work are not based on the same set of data, raising concerns in the model feasibility. 
A commonality of empirical models is that skid resistance at a specific speed 
(in terms of SNv) is related to the microtexture of pavement surface, while the varying 
rate of skid number with sliding speed is thought to be a function of macrotexture. It 
is noted that all these equations attempt to interpret experimental observations 
through regression approaches with limited sample sizes. Although they are able to 
give some basic trends on pavement skid resistance performance, no mechanistic 
understandings or scientific explanations are provided. Besides, empirical models are 
developed under specific conditions (such as materials and environment) which may 
restrict the application of such models when attempting to apply them in a different 
situation. Moreover, empirical models are usually less accurate when used on a 
pavement surface type different from the ones where the models are generated. 
Therefore, most empirical models developed from non-porous pavements are not 
applicable for porous pavements. 
2.1.6.2  Numerical Models for Skid Resistance 
Although empirical models can roughly estimate pavement skid resistance, 
more advanced numerical models are needed to understand the mechanisms. 
Numerical models make in-depth skid resistance analysis possible because of their 





mechanistic formulations. They are more feasible and flexible to be used on different 
pavement types, tire characteristics and operation conditions. The finite element 
method (FEM) is one of the most popular numerical approaches in modeling the dry 
and wet tire-pavement interactions, especially the frictional effects and skid resistance. 
In the early days, in-house codes such as NOSAP (Bathe and Wilson, 1973) and 
AGGIE (Haisler, 1977) were developed to simulate rubber behaviors, but they were 
powerless in formulating and resolving the whole tire reactions on rough pavements. 
Recent developments in FEM algorithms allow a more comprehensive and detailed 
analysis on the frictional contact between tire and pavement surface. More powerful 
commercial software have been developed and widely used in both tire and pavement 
researches. ANSYS, ADINA, ABAQUS and NASTRAN are some popular ones that 
have been used in the literature (Ong and Fwa, 2007a; Jeong and Jeong, 2013). 
Behaviors of a rolling or sliding tire on a smooth pavement in dry conditions 
and its response to friction effects have been modelled in past studies (Tanner, 1996; 
Johnson et al., 1999; Meng, 2002; Sextro, 2007). The primary purposes of these 
studies were to allow for the optimum design of pneumatic tire and selection of tire 
materials. Few efforts were made on exploring skid resistance mechanisms and 
optimizing pavement surface characteristics. On the other hand, some studies 
analyzed pavement responses under static or dynamic loads (Al-Qadi et al., 2004; 
Pelletier et al., 2007; Ayadi et al., 2012), focusing on the stresses and strains 
developed within pavement materials. A simplified tire or idealized load was usually 
used in such models. Although complex constitutive pavement material models were 
adopted, the unrealistic loading condition and contact consideration during modeling 
render these models infeasible for skid resistance analysis. 
Recognizing the fact that pavement surface characteristics have a significant 
effect on its skid resistance performance, Liu et al. (2003) developed a 3D finite 
element model simulating the British pendulum test. Load was applied through 
several beam elements and a spring element. Input with a frictional parameter 




measured in the laboratory, the FEM model can provide simulation results with good 
agreements with experiments. This model was used to analyze the skid resistance of 
various texture patterns and pavement materials (Liu, 2004). It provided fundamental 
understandings on the influence of pavement surface texture on the frictional property. 
However, the model was found inapplicable on complex surface with non-symmetric 
macrotexture because it suffered excessive distortion in such cases (Lee, 2005). Since 
lubrication theories are not involved, the model didn’t make much improvement in 
the understanding of wet-pavement skid resistance. Moreover, it does not simulate the 
realistic scenario of a vehicle tire skidding on a pavement surface at a traveling speed, 
which may experience different friction mechanisms. 
A complete tire-water-pavement interaction was reproduced in the numerical 
model developed by Ong and Fwa (2007a). This model has been used in prediction of 
wet skid resistance and hydroplaning potential on smooth pavements, providing more 
in-depth understandings in the mechanisms. It was developed based on fundamental 
structural mechanics and fluid dynamics theories, with consideration in tire-pavement 
contact and fluid-structure interaction. The simulated skid resistance results from this 
numerical model was validated against published experimental data. The influences 
of various factors on skid resistance have been studied in their practical ranges. The 
skid resistance, denoted by SN, was found to be most influenced by vehicle speed, 
followed by water film thickness and wheel load, and least affected by tire inflation 
pressure. It was noted that the influence of each factor is much more remarkable at 
higher speeds than at relatively lower speeds. More analyses were conducted on the 
forces contributing to skid resistance and tire-pavement contact area (Fwa and Ong, 
2008). Simulation results indicated that the traction force at tire-pavement interface 
decreases when sliding speed increases, as a result of which, the total skid resistance 
gets lower and lower with the increase of vehicle speed. Traction force was found to 
be the dominant contributor to skid resistance in most of the speed range. The model 
explicitly presented tire deformations and the variations in tire-pavement contact area 





with the increase of speed. The process depicted by the model is quite similar to the 
conceptual skid resistance theory proposed by Veith (1983), demonstrating the model 
capability in mechanism interpretations. Despite of its completeness in replicating the 
practical problem, this initial model was designed only for the standard test tire and a 
smooth pavement. The variation in pavement textures and tire characteristics is not 
involved, so their influences on skid resistance are beyond the ability of this model. 
To enhance the feasibility, analogous modeling techniques were extended to 
commercial truck tires (Ong and Fwa, 2010). The model was validated against past 
experimental data and various factors affecting truck skid resistance were analyzed. 
Special attentions were paid to the different skidding behaviors between unloaded and 
fully loaded trucks. The simulation results provided an engineering explanation to the 
higher skidding accident propensity of unloaded trucks. Moreover, it was found that 
tire inflation pressure, water film thickness and vehicle speed significantly affect the 
truck skid resistance as well. More extensions and modifications have been made on 
the model for ribbed tires (Srirangam, 2009; Cao, 2010), aircraft tires (Pasindu, 2011) 
and grooved pavements (Anupam, 2011). With broad applications in different tire-
pavement combinations, a shortcoming in water depth control was observed for these 
models. An arbitrary Langrangian-Eulerian (ALE) formulation was adopt to handle 
the mesh deformation, which forces the geometry of fluid model deform with the tire 
tread. This makes it difficult to set the water film thickness to a specific value and 
may create errors during model calibration. Moreover, the simulation may become 
computationally intensive in the case of extremely thin water film and its numerical 
accuracy may deteriorate. 
In order to provide a more accurate estimation of skid number for the thin 
water film scenario with a reasonable computational cost, Jeong and Jeong (2013) 
proposed a hybrid approach to integrate empirical formulations into the numerical 
analysis. The full numerical simulations of tire-water-pavement interaction were first 
performed for various thick water cases. An exponential relationship between fluid 




uplift force and water film thickness was developed from the simulation results. The 
uplift force in thin water case was then extrapolated using the exponential function. 
The same approach was used to derive the traction force and drag force on tire tread 
under thin water film situations. This approach has been applied in the analysis of 
standard lock-wheel tests, and was found to reduce analysis time significantly. 
However, the empirical relationship used to connect the thin water film cases with the 
thick water film cases has little theoretical basis. Besides, the mechanisms of thin-
water skid resistance phenomenon cannot be investigated using this method because 
water was never simulated in their model. 
Numerical models possess a common advantage of mechanically describing 
interactions between tire and water, as well as between tire and pavement surface. 
They are able to reproduce the wet skidding phenomenon to some extent and partially 
explain its mechanisms. However, the existing full tire-water-pavement interaction 
models only consider dense-smooth pavements or grooved surfaces. Water is not 
allowed to penetrate into pavement surface layer. Therefore, they are not adequate in 
simulating the skid resistance on porous pavements, and cannot be used to analyze 
the influences of porous layer parameters on its skid resistance performance. To date, 
there is still no numerical model available to appropriately estimate the skid number 
presented by a porous pavement. This limits the understanding in the mechanisms 
causing skid resistance enhancement on porous pavements and restricts the functional 
design of porous surfaces. 
2.2  Tire/Road Noise 
Road traffic noise is one of the major contributors to the increasing noise 
pollutions in urban regions today. It is estimated to dominate more than 70% of the 
environmental noise (Newton et al., 2001). Traffic noise annoys people, disturbs 
sleep, causes stresses and diseases, and disrupts daily activities. Boer and Schroten 
(2007) reported that 44% of European population were regularly exposed to a road 





traffic noise of over 55 dB - a level may bring negative health effects, with a social 
cost of €40 billion per year (about 0.4% of total annual gross domestic product). Road 
traffic noise is the accumulation of noise emissions from all vehicles in traffic stream. 
The main noise sources on an individual vehicle can be broadly classified into two 
groups, namely propulsion noise and tire/road noise. As a result of the significant 
reduction in power train noise brought forth by the rapid development of auto 
industry, the main noise source on a vehicle traveling at high speed turns to be the 
one generated from tire-pavement interaction. The contribution of tire/road noise 
takes over that of power unit noise when vehicle speed is higher than a cross-over 
speed (see Figure 2.15). It is indicated that tire/road noise dominates traffic noise at 
speeds above 40 km/h for passenger cars and 60 km/h for trucks (Sandberg and 
Ejsmont, 2002). Tire noise reduction is crucial in the abatement of traffic noise near 
high-speed facilities. 
The optimization of pavement surface properties plays an essential role in the 
tire/road noise reduction. Numerous research works have been conducted on tire/road 
noise in past decades, most of which were experiment-based. This section provides an 
extensive literature review on tire/road noise. A general overview on the phenomenon 
of tire/road noise is first presented, followed by a discussion in its generation and 
amplification mechanisms. Various measurement approaches used in experimental 
studies are next introduced. Then the critical influencing factors and their effects are 
discussed, with emphasis placed on the tire/road noise reduction on porous pavements. 
The existing tire/road noise models are illustrated in the last part of this section. 
2.2.1 Overview of Tire/Road Noise 
Tire/road noise generally refers to the noise emission resulting from tire-
pavement interaction, when a vehicle travels over a road surface. It includes both 
structural and air-borne noise. Research studies on tire/road noise have been carried 
out experimentally and analytically since the early 1970s (Dare, 2012). By the early 




1980s, it has been recognized that without reduction in tire/road noise, overall traffic 
noise could not be appreciably controlled (Sandberg, 1982). Gibbs et al. (2005) 
studied the composition of traffic noise and indicated that tire/road noise represents 
75% to 90% of the total noise generated by passenger vehicles. Tire/road noise could 
also be a significant amount in the noise generated by trucks. The domination of 
tire/road noise in overall traffic noise is significant at high speeds. The relative 
contributions of propulsion noise and tire/road noise to the overall traffic noise level 
were analyzed using the European Harmonoise/IMAGINE traffic noise model 
(Peeters and van Blokland, 2007). It was found that for passenger cars and car-based 
vans, tire/road noise contributes about 60% of the acoustic output at 40 km/h, 
compared to about 80% at 100 km/h. 
Many developed countries have introduced regulations on the noise emission 
control of road vehicles. Tire/road noise has been identified as a transportation noise 
component which needs most urgent reduction by several major international policies, 
such as the green paper "Future Noise Policy" from the European Commission (EU, 
1996). Following this, the legal limits regarding noise emission from tires have been 
established by European Union (EU) and United Nations Economic Commission for 
Europe (UNECE). EU also implemented another environmental noise directive 
requesting its members to map noise contours along all existing roadways and adopt 
actions to address problems identified in the noise map (Gibbs et al., 2005). Sandberg 
(2001) analyzed the effectiveness of vehicle noise regulations in some countries and 
found that tire/road noise must be substantially reduced to make the regulations 
effective. It was also highlighted that pavement surface should be subject to noise 
limitations as well, considering its role in exciting tire/road noise emission. 
A large amount of research studies were made to improve acoustic properties 
of tires, but results turned out to be not very encouraging. Sandberg (1984) compared 
the noise emissions of several vehicles and tires manufactured in the time period 
1920-1982 by coast-by and pass-by tests. The results showed that tire noise 





performance was approximately the same over the 60 years studied. Study conducted 
by Berge (1996) showed that two modern tires were approximately 7 dB(A) noisier at 
80 km/h than the noise level predicted by the Nordic traffic noise model, which was 
developed from hundreds of measurements made in 1974. In the recent decade, tires 
were claimed quieter by manufacturers, but the effects were not studied extensively 
and rigorously. This is probably because that the improvement in tire acoustical 
property is offset by the growths in tire width and vehicle speed on road networks. A 
consistent conclusion drawn from existing evidences is the fact that tire/road noise 
reduction cannot solely rely on tire technologies. Innovative pavement technologies 
should be developed to universally reduce noise emissions from all tires. The concept 
of "low noise road surface" was proposed and is defined as a road surface that causes 
at least 3 dB(A) lower vehicle noise than that obtained on conventional and "most 
common" road surfaces (Sandberg and Ejsmont, 2002). Understanding the 
generation/amplification mechanisms of tire/road noise is essential to the 
development of low noise surfaces. 
2.2.2  Generation and Amplification Mechanisms of Tire/Road Noise 
The mechanisms of tire/road noise have been explored for decades. Various 
research studies identified an extremely complicated mix of tire/road noise 
mechanisms (Sandberg and Ejsmont, 2002). The main distinct mechanisms identified 
from previous studies are listed in Table 2.1. There is generally no disagreement on 
the existence of such mechanisms, although the relative importance of their 
contributions is disputable. It is important to note that the term “tire/road noise 
mechanisms” is rather wide to cover the phenomena related to both the generation 
and propagation of noise. The noise generation mechanisms mainly include impact-
induced vibration, friction/adhesion-induced vibration and air pumping effect, while 
the noise amplification mechanisms involve horn effect and acoustic resonance. The 
relative contributions among these mechanisms may vary depending on tire types, 




pavement surfaces and operating conditions. This section briefly reviews the major 
mechanisms and provides some fundamentals on tire/road noise. 
2.2.2.1  Impact-Induced Vibration 
The structure-borne noise in tire-pavement interaction comes from tire 
vibrations. The main mechanism responsible for inducing vibrations in tire walls is 
the sudden displacement of a tread element, in relation to its “rest position” in a 
rotating tire, when it impacts the road surface (Sandberg and Ejsmont, 2002). At the 
leading edge, tread element is pushed in and at the trailing edge it is pressed out. 
These vibrations radiate sound at frequencies generally below 1000 Hz (Descornet 
and Sandberg, 1980; Nilsson et al., 1980), and radiation is concentrated at the area 
around contact patch (Kuijpers and van Blokland, 2001; Yum et al., 2006) due to the 
damping of tire carcass. A rotating tire will be subjected to deflection around its 
circumference even if the tire and pavement are smooth. The existence of separated 
tread elements causes a disruption to the smooth displacement at the contact patch 
edges, leading to a “tread impact” mechanism. On the other hand, pavement surface 
texture, especially the macrotexture, also applies impacting on the tire tread with an 
equal importance, which could be named “texture impact”. It was highlighted by 
Sandberg and Ejsmont (2002) that impacts on tire tread by pavement texture or tread 
elements create substantial vibrations, emitting much higher noise than the case with 
smooth tire tread and smooth road surface. 
The impact-induced vibrations contain both radial and tangential components 
(Larsson et al., 1999). In the case of “texture impact” (see Figure 2.16), the tire tread 
is displaced by an asperity at a certain angle relative to the road surface. The impact 
force is therefore neither perpendicular to the road nor radial to the tire. Similarly, tire 
tread is displaced both radically and tangentially for the “tread impact” as well. The 
relative magnitude of each component depends on the texture level, tread pattern and 
tire radius, while the frequency depending on the distance between tread elements or 





texture asperities and the vehicle speed. In the direction perpendicular to tire middle 
plane, literal vibration also happens when tread and pavement texture are not uniform 
in the literal direction, but it is much lower than those in other directions (Bergmann, 
1980; Dugan and Burroughs, 2003). It was found that differentiating pavement 
textures in the literal direction may be unnecessary in the tire/road noise modeling 
(Hamet and Klein, 2000; Wullens et al., 2004).  
Besides tire tread, tire sidewalls also vibrate and radiate noise (Nelson, 1986; 
Ruhala and Burroughs, 2008). Sidewall vibrations were found to be critical in the 
500-1000 Hz frequency range (Donavan and Oswald, 1980; Eberhardt, 1984) and 
most significant near the trailing edge of contact patch (Phillips et al., 1999). Its 
excitation may come from circumferential tube resonances and tread block vibrations 
(Ruhala and Burroughs, 1998; Dare, 2012). 
2.2.2.2  Friction/Adhesion-Induced Vibration 
Besides the impact effect, tire vibrations are also induced by friction and 
adhesion effects at the tire-pavement interface. There are two major friction/adhesion-
related mechanisms, both of which are related to pavement microtexture. The first 
mechanism is "stick-slip", in which tangential stresses in the rubber-road interface are 
built up and released. The second one is a "stick-snap" phenomenon due to adhesive 
bonds between tire tread and road surface, which are broken when rubber is pulled 
away from road surface. The contribution of these mechanisms to overall emission is 
low-to-moderate, with the exception of certain abnormal tire/road combinations (e.g. 
sticky rubber tire and painted smooth pavement) (Sandberg and Ejsmont, 2002). 
Stick-Slip Mechanism 
The stick-slip mechanism can be visualized when considering a tire in 
acceleration (Dare, 2012). As a tread block enters the contact patch, it sticks to the 
pavement initially. As the wheel continues to rotate, tire tread element accumulated a 




potential energy when pulled against the vehicle travel direction, until shear forces 
built up in the tread exceed the static friction forces. At this moment the tread element 
suddenly "slips" across the pavement to a position it can “stick” again. This process is 
repeated, resulting in tire vibrations. Another vibration source occurs as a tread 
element exists the trailing edge of contact patch (Wozniak and Taryma, 2004). It is 
exposed to accumulated shear stress, which is abruptly released when the friction 
force suddenly diminishes. The stored potential energy is partly converted to kinetic 
energy, leading to the free vibrations of tread elements. The friction-induced tread 
vibrations occur mainly in the tangential direction. 
Stick-slip noise source exists at both the leading and trailing edges of contact 
patch (Richard et al., 1998), and within the patch as well. The frequency of the stick-
slip noise is usually around 1-2.5 kHz, depending on normal force and vehicle speed 
(Kroger et al., 2004; Ryszard, 2001). The stick-slip mechanism is considered to be 
significant in the situations where great tangential forces are applied to tires, such as 
acceleration, braking or cornering. During free-rotation or when the driven wheel is 
rolling at a constant speed, the stick-slip mechanism is considered to be much less 
important (Sandberg and Ejsmont, 2002). Studies found that increased microtexture 
decreases the stick-slip vibrations within the contact patch  by producing larger 
friction coefficient which can only be reached at rather high sliding speeds (Kroger et 
al., 2004). However, in such cases, strains induced by the shearing forces would not 
be relieved and, as a result, tangential vibrations at the trailing edge of contact patch 
may increase and become prominent (Ejsmont, 1990). 
Stick-Snap Mechanism 
Stick-snap is a phenomenon resulted from adhesion at tire-pavement interface. 
When tire tread surface becomes “sticky” and pavement surface is very smooth, the 
strength of adhesive bond increases. This bond is stretched and then released at the 
trailing edge of contact patch. The tread element then gets back to its "rest position", 





causing radial and tangential tire tread vibrations. It is difficult to separate stick-snap 
noise from slip-stick noise. It is also possible that stick-snap mechanism enhances the 
excitation of “inverse impact” effect when a tread element leaves the contact patch.  
Although clearly presented from laboratory experiments, adhesion stick-snap 
mechanism does not contribute much to field tire/road noise since in-service 
pavement surfaces are usually covered by dirt that reduces adhesive bonds (Sandberg 
and Ejsmont, 2002). The stick-snap phenomenon is found mostly occur at the trailing 
edge of the contact patch (Richard et al., 1998; Kuijpers and van Blokland, 2001), 
and result in higher noise levels for frequencies above 1000 Hz (Nilsson et al., 1980). 
The stick-snap noise can be reduced with higher microtexture on pavement surface, 
where the attraction force between tire tread and pavement surface is decreased 
(Kroger et al., 2004). It is less significant on wet pavements as well. 
2.2.2.3  Air Pumping 
Air pumping occurs when a tire rolls as air is compressed and gets pushed out 
at the front of the contact patch while another portion of air is expanded and sucked 
in at the rear. It generates vibrations in the surrounding air and constitutes a source of 
sound. This effect can be more significant if cavities exist on tire tread or pavement 
surface where air can be enclosed. A common analogy of air pumping mechanism is 
the sound made by clapping (Nilsson et al., 1980), where hands compress the air 
between them and force it out and vibrating to create sound. 
Air pumping is one of the major sources of tire/road noise (Plotkin et al., 
1980; Sandberg and Ejsmont, 2002). It is important at both the leading and trailing 
edges of contact patch (Richard et al., 1998). Air pumping noise evidently occurs at a 
1-3 kHz frequency range (Ejsmont, 1992; Donavan and Lodico, 2009). Both tread 
pattern and pavement textures can affect air pumping noise. To reduce the noise 
generated by air pumping, it is necessary to connect all the cavities efficiently to the 
open air so that pressure gradients are lowered. This could be achieved by increasing 




pavement porosity or macrotexture to allow air to escape when it is compressed by a 
rolling tire (Descornet and Sandberg, 1980; Nilsson, 1982; Fujikawa et al., 2006). 
2.2.2.4  Air Turbulence 
There is another potential mechanism that may contribute to rolling tire noise, 
i.e. air turbulence created by a tire rolling in the still air and displacing and dragging 
the air around the tire. There is a general consensus that this effect is a minor 
contributor to tire/road noise compared to vibration mechanisms and is relatively 
insignificant at highway speeds (Donavan and Oswald, 1980; Nilsson et al., 1980; 
Eberhardt, 1984). From extensive experimental studies, Sandberg and Ejsmont (2002) 
concluded that air turbulence noise is negligible in most situations and it is unlikely to 
affect the overall sound level. 
2.2.2.5  Horn Effect 
It is noticed that most noise generation mechanisms (such as impact-induced 
vibration, friction-induced vibration and air pumping) exist close to the leading and 
trailing edges of the tire-pavement contact patch, where a horn-shape geometry is 
formed by tire tread and pavement surface. This acoustical horn forces a multi-
reflection of the sound wave and hence significantly amplifies its magnitude. It 
provides a better match between the impedance of sound source at the contact patch 
and sound field around the tire (Schaaf and Ronneberger, 1982). Horn effect is 
believed to be the most important amplification mechanism for tire/road noise. It 
enlarges the overall noise level by 10-20 dB in the frequency range up to 2000-3000 
Hz (Schaaf and Ronneberger, 1982; Kropp et al., 2000; Graf et al., 2002). The noise 
amplification is more significant when the excitation is closer to the contact patch. 
Measurements also found that the horn effect leads greater directivity of sound 
towards the front and rear of a tire (Ronneberger, 1985). 





Iwai et al. (1994) and Kropp et al. (2000) found that horn effect can be 
reduced when porous surfaces are used. Further studies have indicated that changing 
the porous layer thickness or adopting a double-layer porous system can optimize the 
amplification characteristics of horn effect (Lui and Li, 2004). Another horn effect 
reduction measure is to narrow tire width so that the reflecting area of the "horn" 
constituted by tire tread and road surface is reduced. 
2.2.2.6  Cavity Resonance 
The acoustic cavity inside the tire carcass also contributes to tire/road noise 
amplification (Bschorr, 1985; Scavuzzo et al., 1994). The noise amplified by the 
cavity resonance is less important for exterior-vehicle noise emission than for 
interior-vehicle noise. The cavity resonance commonly does not affect tire vibration 
characteristics (Bolton et al., 1998), unless in some special cases where a structural 
resonance may couple with the cavity resonance resulting in further amplification. 
The frequency of the cavity resonance is determined by tire and rim geometry. 
Typical resonance frequencies for passenger car tires are 220-280 Hz while that for 
heavy truck tires is around 150 Hz (Sandberg and Ejsmont, 2002). 
2.2.2.7  Helmholtz Resonance 
Helmholtz resonance occurs as an action in a simple mass-spring vibration 
system. Applied to tire/road noise, the volume of tread cavity leaving contact with the 
road surface acts as a spring, and the air present between tread and pavement acts as a 
mass. This mechanism is observed when a trapped volume of air is connected to the 
outside through a narrow channel (Kinsler et al., 2000). As a cavity moves out of the 
contact patch, a mass-spring system is suddenly created at the moment when the 
cavity opens to the surrounding air. Along with the cavity moving further away from 
the contact patch, the volume and mass of the air immediately outside the cavity will 
increase. The resonance frequency is determined by the mass, spring and damping 




constants, thus there is a “tone burst” associated with each cavity leaving the contact 
patch, starting at a high amplitude at a medium frequency and fading-off at a higher 
frequency. Nilsson et al. (1979) found that the Helmholtz resonance has most of its 
energy concentrated in the frequency range of 1000-2500 Hz. 
Helmholtz resonance could be suppressed by good “ventilation” of the cavity 
formed by tire tread and road surface. The ventilation may be provided by a porous 
pavement or a ventilated tread pattern. The resonance frequencies may be shifted by 
changing the tread cavity volume or altering the tire diameter and thus contact patch 
length (Sandberg and Ejsmont, 2002). It is indicated that the Helmholtz resonance is 
closely related to the air pumping mechanism and these two mechanisms should be 
studied simultaneously (Kim et al., 2006). 
2.2.2.8  Pipe Resonance 
Another resonance mechanism existing in tire/road noise emission is the pipe 
resonance occurring within the tread grooves. In a pipe of length L and open at both 
ends, an air displacement may create a standing wave with a fundamental wavelength 
of 2L. If a pipe is closed at one end and open at the other, the fundamental resonance 
will be at a quarter of a wavelength. All tread grooves (with different shapes and 
dimensions) serve as pipe resonators to some extent when they are in contact with a 
smooth road surface. Pipe resonance is considered a major noise amplification for 
grooved tires on smooth pavement (Koiki et al., 1999). Saemaan and Schmidt (2002) 
found that a tire with longitudinal grooves is about 3.5 dB(A) noisier when compared 
to the same slick tire. The frequency of pipe resonance generally depends on the 
groove geometry (Oswald and Arambages, 1983), and is believed to concentrate in 
high frequency range.  
Pipe resonance reduction may be realized in two ways. One is to avoid the 
tread pattern having a resonance frequency close the impact frequency. Another is to 
efficiently ventilate the grooves, which can be achieved by porous pavement surface 





(Koiki et al., 1999). Similar as the Helmholtz resonance effect, pipe resonance cannot 
be completely separated from air pumping mechanism either (Kim et al., 2006). 
These phenomena have to be considered simultaneously in the investigations of 
tire/road noise generation and amplification. 
This section discussed the critical mechanisms in tire/road noise generation 
and amplification. It is important to note that all the mechanisms coexist in tire/road 
noise emission and interact with each other. It is impossible to extract each individual 
mechanism explicitly in practice. The relative importance of a specific mechanism 
varies with tire-pavement combination and operation condition. Nevertheless, some 
general consensuses can still be obtained from this literature review. Tire vibrations 
and air pumping are the most important noise generation mechanisms, while air 
turbulence noise is negligible to the overall noise level at highway speeds. Horn 
effect has a significant influence on tire/road noise amplification, while acoustic 
resonances are less important, especially for smooth tires. Some of the mechanisms 
can be reduced by applying porous pavement surfaces, such as the air pumping, horn 
effect, Helmholtz resonance and pipe resonance. 
2.2.3  Tire/Road Noise Measurement 
To compare acoustical performances between different tires and pavements, 
various experimental techniques have been developed to measure tire/road noise. 
These techniques can be broadly divided into two major categories, namely in-field 
measurements and laboratory measurements. The former involve full-scale test 
pavement sections, while the later are commonly conducted on test drums covered by 
pavement samples. Some techniques specify the vehicles and tires being used and 
others adopt statistical approaches to deal with the vehicle and tire variations. The 
widely accepted in-field measuring methods include the statistical pass-by method 
(SPB), controlled pass-by method (CPB), coast-by method (CB), close-proximity 
method (CPX) and on-board sound intensity method (OBSI). Most of these in-field 




techniques have been standardized. The laboratory measurements vary from one to 
another without international specifications being established. They may use either a 
stationary wheel or a stationary pavement test set-up. These measurement methods 
are briefly introduced in this section, and their advantages and disadvantages are 
discussed. 
2.2.3.1  Statistical Pass-By Method 
Statistical pass-by method is a far field noise measurement approach utilizing 
a random sample of typical vehicles selected from the traffic stream, under constant 
or nearly constant speed conditions. This test is standardized by ISO 11819-1 (ISO, 
1997a) in detail. The test site configuration is illustrated in Figure 2.17, in which a 
stationary microphone is located 7.5 m from the central line of the travel lane. The 
vehicles measured are those cruising-by the test site without disturbances from other 
vehicles. At the passage, the maximum A-weighted sound level is measured together 
with the vehicle speed. The vehicle is also classified into one of the preset categories. 
After measuring at least 100 cars and 80 heavy vehicles, the measured sound levels 
are plotted against the measured speeds by vehicle category. Statistical methods are 
then used to assess the noise levels and derive the statistical pass-by Index (SPBI). 
Statistical pass-by method is easy to conduct at a normal operation condition 
without traffic control. It provides a quick and direct evaluation on noise level near 
the roadway, and takes into account the vehicle and tire variation in the realistic 
traffic flow. SPB is particularly useful to compare the acoustic performance of several 
pavement sections constructed on the same road (Abbott and Phillips, 1996) and to 
conduct a "before-and-after" study when a new pavement treatment is performed on 
an existing road (Sandberg, 1997). The main disadvantage of SPB method lies in its 
loose definition of “normal” traffic condition. It assumes that the randomly selected 
vehicle sample is representative, however traffic composition depends on location 
and time and is not a constant. This makes it difficult to compare two pavements with 





significantly different traffic compositions. SPB method measures the noise generated 
by the entire vehicle, including power unit noise and aerodynamic noise as well, other 
than tire/road noise. Another disadvantage of SPB method is the long measurement 
time it takes due to the large sample size collected. Moreover, as shared by all 
roadside noise measurement methods, the results are susceptible to environmental 
factors such as wind and temperature. 
2.2.3.2  Controlled Pass-By Method 
The test configuration of controlled pass-by method is similar to that of SPB 
method. Instead of a statistical traffic sampling, the vehicles and tires being tested in 
CPB method are prescribed. For each test location, a specific vehicle cruises by at a 
given speed with its engine running at normal condition and a maximum A-weighted 
noise level is measured at the roadside. Multiple test locations are necessary for each 
test section to derive the average noise level representing the full test section. The 
CPB method is specified by a national French standard (NF S 31-119-2), which 
makes use of two cars and four tire sets. It is used to survey the French road network, 
establishing a database on the acoustical properties of all the major French roadways 
(Sandberg and Ejsmont, 2002).  
One of the primary advantages of the CPB method is that it can control most 
test variables, such as the vehicle, tire and test speed, making it easier to compare the 
acoustic properties of different pavement surfaces. CPB measurement can be 
performed much faster compared to SPB method because fewer runs are needed for 
generating reliable results. It also allows for passes at different speeds to derive the 
speed dependency of noise level. A drawback of CPB method is that it does not 
account for the variation in traffic composition and thus cannot estimate the perceived 
noise level at roadsides. CPB method requires test vehicles to be isolated from other 
traffic, and background noise has to be kept as low as possible. Therefore, potential 
problems may occur when conducting the measurements on highly trafficked roads. 




This may lead to traffic control or closure of the road, causing inconvenience to road 
users. Similar to SPB measurement, the CPB method also measures the overall noise 
generated by the entire vehicle, rather than the separated tire/road noise. 
2.2.3.3  Coast-By Method 
Coast-by approach was developed to eliminate engine noise from the noise 
levels measured at roadsides. The test configuration is the same as CPB method, 
except that the test vehicle is coasting through the test area with the engine switched 
off and the transmission put in neutral. The vehicle is driven only by the inertia force 
and is assumed to emit only tire/road noise. During coasting, the vehicle will slightly 
slow down. This is usually neglected and the speed at the maximum noise level or the 
average speed is used in the data processing. The Coast-by method is standardized by 
ISO 13325 (ISO, 2003). 
The principal advantage of CB method is that it eliminates the interference of 
power unit noise. The noise levels measured with this method can be directly used to 
estimate the tire/road noise emitted from individual vehicle at particular speeds. The 
CB method has disadvantages similar to the CPB approach and the CB measurement 
result is affected by the performance of test vehicle. Besides, narrow-band frequency 
analysis (narrower than 1/12 octave band) is inapplicable to all roadside measurement 
methods unless advanced Doppler compensation methods are employed. The Doppler 
effect has a negligible effect on one-third octave band frequency analysis. 
2.2.3.4  Close Proximity Method 
The close proximity method, previously named the trailer method, is a near 
field measurement technique specially designed to focus on the tire/road noise. This 
method is standardized by ISO 11819-2 (ISO, 2013). In the CPX measurements, a 
test tire is mounted on a trailer lined with the sound-absorbing material (see Figure 
2.18). Two microphones are fixed near the leading and trailing edges of the contact 





patch at 200 mm from tire side wall and 100 mm above road surface (see Figure 2.19). 
The trailer is hooded by an enclosure to reduce the influence of wind noise and 
pulling vehicle noise. To control the uncertainties from test tire, standard reference 
tires are used in CPX measurements, as specified in ISO/TS 11819-3 (in preparation). 
Some of the most widely used reference tires are illustrated in Figure 2.20. In the 
CPX tests, the average A-weighted sound pressure levels emitted from the tire-road 
interaction are measured over a specified distance, together with the vehicle speeds. 
The close-proximity sound index (CPXI) is then derived at a reference speed and the 
spectrum analysis could be performed based on the time series data. 
The CPX technique makes possible direct near-source measurements of 
tire/road noise. The primary advantage of this method is that measurements are fast 
and efficient. Once the test vehicle and devices are available, a large distance of 
pavement sections can be measured continuously within a single test run. Comparing 
to roadside methods, the CPX method is less susceptible to suffer from the variations 
of environmental conditions. Because of the enclosure installed around the test tire, 
no strict requirements on background noise are specified in the CPX method, and it 
can be conducted on roads with considerable traffic. Besides, narrow-band spectrum 
analysis is feasible with this method. However, there are still several disadvantages 
coming with the CPX method. It only measures a limited number of vehicles and tires, 
therefore it cannot represent the actual traffic composition, nor can it measure 
perceived noise in the far field. In CPX tests, the variation of measuring results due to 
different test vehicles and trailers is large. Higher investment is needed for the 
equipments and vehicles used in the tests, making it more expensive compared to the 
roadside methods. 
2.2.3.5  On-Board Sound Intensity Method 
The on-board sound intensity method was developed in the NCHRP Project 
1-44 (Donavan and Lodico, 2009) to measure the tire/road noise at near field. It has 




been standardized by AASHTO Specification TP 76-11 (AASHTO, 2011b) and 
ASTM WK26025 (ASTM, 2009e). The test configuration of OBSI technique is 
illustrated in Figure 2.21. The probes are mounted on one of the tires of a test vehicle 
instead of a trailer. A significant difference between the OBSI and CPX methods is 
that the OBSI method measures sound intensity instead of sound pressure (as in CPX 
method). Sound intensity measurement makes use of two phase-matched 
microphones arranged in a particular direction in one probe to measure sound 
intensity perpendicular to the travel direction. With this feature, sounds from other 
sources in other directions (i.e. wind noise, engine noise etc.) are attenuated, 
increasing the reliability in measuring tire/road noise. The standard reference test tire 
P225/60R16-97S (ASTM, 2008c) is adopted in the OBSI method and sound intensity 
probes are fixed at specific positions near the leading and trailing edges of contact 
patch. The OBSI method has advantages and disadvantages similar to the CPX 
method. OBSI method is found to better correlate mathmatically with roadside noise 
measurements (Donavan and Lodico, 2009).  
2.2.3.6  Laboratory Measurement 
Besides the above mentioned in-situ approaches, tire/road noise can also be 
measured in the laboratory. The laboratory measurement usually requires access to 
some "drum facility". In the stationary wheel method, a test tire is fixed on a 
stationary axle and rolls on a rotating drum. The test tire is installed in a way that it 
can roll against either the inside or the outside of drum (see Figure 2.22). In the 
stationary pavement method, test tire is usually mounted on a rotating arm and rolls 
around a stationary drum. The moulded replicas of road surfaces are fitted onto the 
drum in segments to simulate the interactions between tires and real pavements. Near-
field measurements can be conducted with microphones installed in a configuration 
similar to the CPX or OBSI method. 





Laboratory measurements do not need test vehicles or real pavement sections. 
They can be used to predict the acoustical properties of new pavement technologies 
even before the test sections are constructed (Scofield, 2009). It is suitable when high 
precision is required, because most test parameters can be strictly controlled in the 
tests, such as wheel loading, rolling speed and test temperature. The measurement of 
tire vibrations using laser-Doppler vibrometers can be conducted in the stationary 
wheel method, since the test set-up makes it possible to focus the laser. Implemented 
properly, laboratory measurements can be used to predict the coast-by measurements 
(Sandberg and Ejsmont, 1984). Nevertheless, laboratory measurements also have 
several disadvantages. It is very difficult to reproduce the pavement surface on a 
drum, even with the same construction procedures. This may reduce measurement 
accuracy when the method is used to predict acoustical performance of to-be-
constructed pavement. Background noise (such as the noise generated from drum 
power unit and the sound reflected by surrounding objects) is another concern in this 
approach. Moreover, the drum curvature caused by restricted device dimension may 
result in a significant difference from the flat road surface in practice. 
2.2.4  Factors Affecting Tire/Road Noise 
Using the tire/road noise measurement techniques introduced in Section 2.2.3, 
the noise emitted from tire-pavement interactions were extensively studied at various 
conditions (Ejsmont, 1982; Storeheier and Sandberg, 1990; Köllman, 1993; Sandberg 
and Ejsmont, 2002). Many factors have been identified affect tire/road noise 
generation, amplification and propagation. These factors can be classified into four 
groups, namely vehicle operations, tire characteristics, pavement properties and 
environmental conditions. Factors related to vehicle operations include vehicle speed 
and vehicle maneuver (braking, accelerating and cornering). Tire composition, 
dimension, tread pattern design, inflation pressure and wheel load are the main tire 
characteristics affecting acoustical performance. Pavement surface texture, acoustic 




impedance and mechanical impedance are believed to be the most important 
pavement properties influencing tire/road noise. Temperature and water presence at 
tire-pavement interface are the most influential environmental conditions. All these 
factors interact with each other and affect tire/road noise simultaneously. Most effects 
of these factors can be explained based on one or more mechanisms discussed 
previously. The noise variation amplitudes due to some major influencing factors are 
estimated by Sandberg and Ejsmont (2002) and are illustrated in Table 2.2. This 
section presents a discussion on the current understanding of these influencing factors. 
2.2.4.1  Vehicle Speed 
From Table 2.2, it was found that vehicle speed is the most important 
operational parameter affecting tire/road noise. An illustration of the tire/road noise 
variation with vehicle speed is shown in Figure 2.23. Generally, noise level increases 
rapidly with an increase in vehicle speed, but the rate of increase varies among 
vehicle categories and pavement types. A higher vehicle speed may induce more 
severe tire vibrations and increase the air pumping effect. It can also develop larger 
tangential stresses on the tire contact patch when vehicle negotiates a curve or applies 
brake. Moreover, it is suspected that the stick-slip and stick-snap noise are enlarged 
as well. All these mechanisms work together to generate more noise at higher speed.  
Experimental studies (Ejsmont, 1982) have suggested a logarithmic linear 
relationship between tire/road noise and vehicle speed. This relationship, as shown in 
Equation 2.26, has been found to be a general feature of tire/road noise (Sandberg and 
Ejsmont, 2002). 
log( )L A B V                    (2.26) 
where L is the sound pressure level, V is the vehicle speed, and A and B are the speed 
coefficients. This relationship is widely used to describe the speed dependencies of 
noise emissions at different conditions. Some speed coefficient results are illustrated 
in Table 2.3. Further analysis found that there is a strong linear correlation between 





coefficient A and B, and their values can be used in the selection of tires and/or road 
surfaces (Sandberg and Ejsmont, 2002).  
2.2.4.2  Vehicle Maneuver 
When a vehicle accelerates, brakes or turns, the excess tangential forces will 
develop on the tire contact patch and the noise emitted could be higher than that at a 
constant speed. Extremely high slip may cause tonal-type tire squeal and significantly 
increase the overall noise level. Longitudinal slip is usually resulted from the driving 
or braking torque acting on a tire. It was thought to increase tire/road noise by as high 
as 12 dB (Steven, 1989). The influence of slip is larger at lower speeds than at higher 
speeds (Wozniak, 2002). A comprehensive experimental study conducted by Steven 
(1991) found that the average noise increase for a torque of 800 Nm was about 10 dB 
at the speed 20 km/h, 8 dB at 30 km/h, 4.5 dB at 50 km/h and only 3.5 dB at 70 km/h. 
The largest sound level increase happens at a slip of 10% to 15%. It stabilizes at 
higher slips because the further increase of slip does not increase the frictional force 
any more. Lateral slip will develop with a side force when a vehicle changes its travel 
direction. Noise level increases during cornering by 0-2 dB at lower speeds, 0-5 dB at 
medium speeds and 1-7 dB at higher speeds. With regard to spectrum analysis, the 
influence of cornering on noise is found to be constant and low at frequencies below 
1 kHz, but is much more significant at higher frequencies. Most of the effects occur 
in the range of 2-10 kHz (Ejsmont and Sandberg, 1988).  
The noise increase due to tangential forces is thought to be closely related to 
the stick-slip mechanism at the contact patch and may also connect with the friction 
between tire tread and pavement surface. This mechanism can result in both the stick-
slip vibrations within the contact patch and the free tangential vibrations immediately 
after a tread element has passed the contact patch and released the high strains. It may 
also cause an excitation for the air resonant mechanism at high frequencies. 




2.2.4.3  Wheel Load and Tire Inflation Pressure 
 Inconsistent results were obtained across various tires in past research 
studies investigating the influences of wheel load and tire inflation pressure on the 
tire/road noise emission (Sandberg and Ejsmont, 2002). However, the common trend 
from those studies is that the tire/road noise increases with an increasing wheel load 
or a decreasing tire inflation pressure. Ejsmont and Taryma (1982) tested the typical 
radial tires of passenger cars and found that noise increased by 1-2 dB(A) per 
doubling of load, with inflation pressure adjusted to the load. With constant pressure, 
the increase was found to be 0.7-1.5 dB(A). From the acoustic measurements on more 
than 100 car tires, Köllman (1993) found a 2.4 dB(A) noise level increase when 
doubling the tire load from 170 to 340 kg. The noise variations for truck cross-ply 
tires was observed by Kilmer (1976) as follows. With a constant inflation pressure, 
changing the load from 50% to 100% of the maximum tire load produced around 2-3 
dB(A) noise increase for crossbar tires, but was negligible for rib tires. If the inflation 
pressure was adjusted according to the load, more complex behaviors were observed. 
Increasing the load from 50% to 75% increased noise by 2 dB(A) but further 
increases of load decreased noise. According to Underwood (1981), the noise 
increase for a loaded truck (13.23 tons) in comparison to an empty one (5.58 tons) 
was as high as 6.5 dB(A) for traction tires but only 0.5 dB(A) for rib tires. 
The effects of wheel load and tire inflation are very complicated, involving 
various mechanisms. Increased inflation pressure could stiffen the tire carcass and 
change the vibration characteristics, especially for tire sidewalls. Contact area is 
affected by wheel load and tire inflation, so does contact pressure distribution within 
the contact patch, which may cause different parts of the tire tread to be excited. The 
horn shape geometry next to the contact patch will also be changed, affecting the 
amplification effect. Besides, the air channels in tire tread pattern may become longer 
or shorter, wider or narrower, influencing the air pumping and pipe resonance effects.  





2.2.4.4  Tire Properties 
The width of pneumatic tire has increased over the past decades due to wider 
tire benefitting from better dry traction and steering response. However, tire/road 
noise is adversely affected by the increase of tire width. Research studies have 
observed significant noise level increases on wider tires (Ullrich and de Veer, 1978; 
Sandberg and Ejsmont, 1992; Phillips and Abbott, 2001). The increase of noise level 
was found to be around 0.4 dB per 10 mm increase in tire width when the tire width is 
below 200 mm. For tires wider than 200 mm, the influence of tire width becomes 
lower. Tire/road noise grows with increasing tire width because a wider tire results in 
more tread blocks impacting on pavement and more air being displaced from the 
contact patch. As a result, both tire vibration and air pumping mechanisms are 
intensified. Moreover, horn effect is also amplified by wider tire tread. 
Tire/road noise is weakly correlated to tire diameter (Storeheier and Sandberg, 
1990). An increase in tire diameter may result in lower noise level (Nilsson, 1979; 
Ejsmont and Taryma, 1982) because a larger tire diameter reduces the "attack angle" 
on road surface and produces a gentle impact between tire tread and pavement surface. 
A smaller tire-pavement angle, on the other hand, may amplify the horn effect and 
hence increase tire/road noise. The overall effect of tire diameter on noise level 
depends on which mechanism dominates the noise emission. 
Tire composition affects noise emission as well. It is observed, statistically, 
radial tires are less noisy than bias tires (Anonymous, 1980). Ejsmont (1982) 
indicated that increased tread bending stiffness can reduce noise generation. 
Muthukrishnan (1990) found that tread modulus has larger influences on tire/road 
noise than sidewall modulus and a significant interaction exists between the tread and 
sidewall properties. Watanabe et al. (1987) showed that rubber hardness has a 
substantial effect on truck tire noise. Sandberg and Ejsmont (2002) concluded that by 
selecting an appropriate rubber hardness, noise level can be reduced by at least 2 




dB(A). Their further work found that the overall noise levels increase 1-2.5 dB per 10 
unit increase in Shore A hardness (Sandberg and Ejsmont, 2007). 
Tread pattern is usually specially designed to control tire/road noise. It affects 
all the generating mechanisms to some extent. Tires with a constant pitch generate a 
tonal noise due to the periodical impact of the pattern. A simple solution to this 
problem is to introduce a varied tread segment pitch. Air pumping and pipe resonance 
effects will decline if all the grooves on tire tread are well connected to the open air. 
Therefore, in order to reduce noise level, any closed pockets, cavities with narrow 
outlets and long grooves without ventilated side branches should be avoided in the 
tread pattern design. 
2.2.4.5  Pavement Textures 
Variation of tire/road noise level on different pavements was found up to 13 
dB at highway speed (Donavan, 2008), which is attributed to the pavement properties. 
Sandberg and Ejsmont (2002) summarized influence of road surface characteristics 
on tire/road noise emission and the results are listed in Table 2.4. It is seen from the 
table that pavement texture is a major factor affecting tire/road noise. Dare (2012) 
also indicated that pavement texture determines tire/road noise levels more than any 
other tire or pavement properties. 
The influence of macrotexture and megatexture on tire/road noise are 
interrelated and they should be considered together. Experimental studies have shown 
that noise levels increase with increasing mean texture depth (MTD) as measured 
from the sand-patch method (Franklin et al., 1979) or with increasing mean profile 
depth (MPD) as measured from a laser profilometer (Steven et al., 2000). This weak 
correlation is valid only for slick tire or the tire with a shallow tread pattern. There is 
no correlation observed for an aggressive tread pattern. The influence of pavement 
texture on tire/road noise emission may not be adequately explained by a sole 
parameter describing the overall texture level (such as MTD and MPD). This is 





because the different generation mechanisms have contradicting dependencies on 
pavement surface texture. The effect of macro- and mega-texture on the tire/road 
noise, therefore, has to be investigated using spectral bands. Sandberg and Descornet 
(1980) found that the noise levels at low frequencies (generally below 1 kHz) 
increase with texture amplitude within the wavelength range of 10-500 mm, while 
noise levels at high frequencies decrease with texture amplitude within the 
wavelength range 0.5-10 mm. A positive correlations was also found between OBSI 
noise levels in the 630-1000 Hz range and texture levels in the 5-100 mm wavelength 
range (Rasmussen et al., 2006; Cesbron et al., 2009). Similar conclusions were 
obtained from other research studies (Clapp and Eberhardt, 1984; Nelson and Phillips, 
1997; Anfosso-Lédéé and Do, 2002), although it was found to be difficult to isolate 
the texture effects in narrow wavelength band. The influence of pavement texture on 
tire/road noise at low frequencies is thought to be a result of tread impact mechanism. 
The texture effect at high frequencies is related to air pumping and resonance 
mechanisms. Pavement macrotexture also affects stick-slip mechanism by varying the 
contact area between tire tread and road surface, while megatexture may affect tire 
dynamic loading and thereby influence tire/road noise as well. 
Microtexture also influences tire/road noise, but inconsistent observations are 
found among past research works (Franklin et al., 1979; Nilsson, 1980; Beckenbauer, 
2001; Dare and Bernhard, 2009). Microtexture was commonly measured indirectly 
using friction test. Most studies observed a positive correlation between friction and 
tire/road noise, especially for tires with smooth tread (Franklin et al., 1979; Nilsson, 
1980; Sandberg and Ejsmont, 2002). It was found significant at high frequencies and 
negligible at low frequencies. Beckenbauer (2001) and Dare and Bernhard (2009) 
found that the presence of microtexture decreases noise level at high frequencies. 
Sandberg (1987) and Oshino et al. (2001) reported that no clear relationship was 
detected between noise and friction. Such apparent inconsistency is not unexpected as 
pavement microtexture affects tire/road noise generation mechanisms in different 




ways. An increased microtexture generally increases pavement friction, enhances the 
stick-slip phenomenon to generate higher noise at high frequencies. However, it may 
also decrease the adhesion strength between tire tread and pavement surface which in 
turn will reduce the stick-snap effects. 
The orientation of pavement texture also affects its acoustic property. In this 
sense, texture is usually distinguished as positive or negative. The difference is 
illustrated in Figure 2.24. Positive texture is formed by particles or ridges protruding 
above the plane of pavement surface, while negative texture is normally formed by 
voids between particles whose upper surfaces form a generally flat plane. Pavements 
with an identical texture spectrum but different texture directions can induce different 
tire/road noise responses (Paje et al., 2007; Abbott et al., 2010). With regard to noise 
reduction, negative texture is normally preferred. A positive texture can increase 
impact-induced vibrations, while a negative texture, with appropriate ventilation, can 
reduce air pumping, resonance and impact. 
2.2.4.6  Pavement Acoustic Absorption 
Besides surface texture, acoustic absorption is another important pavement 
property affecting tire/road noise generation and propagation. Porous surface is an 
effective and efficient pavement technology for noise reduction (Praticò and Anfosso-
Lédée, 2012). Its acoustic absorption can be related to porosity, thickness, air flow 
resistance and tortuosity of porous surface layer. Porous pavement is able to reduce 
noise generation and dissipate more sound energy compared to conventional non-
porous surfaces, resulting in a 3 to 5 dB reduction in tire-related noise (Bérengier et 
al., 1997). This is achieved through the following mechanisms. Firstly, interconnected 
pores effectively reduce the compression and expansion of air entrapped in the 
contact interface, and air pumping and air resonant effects are reduced. Secondly, 
porosity reduces noise amplification of the acoustical horn existing between tire tread 
and road surface near the contact patch. Thirdly, acoustic absorption influences 





reflection and propagation of sound waves. Finally, negative surface macrotexture 
exhibited by porous surfaces reduces texture impact mechanism in noise generation. 
2.2.4.7  Environment Factors 
It has not been realized until the 1980s that temperature can affect tire/road 
noise emission. This effect requires temperature corrections in noise measurements. 
Some linear relationships were found between temperature and measured tire/road 
noise (Ejsmont and Mioduszewski, 1994; Kuijpers, 2001; Landsberger et al., 2001). 
The current consensus is that noise from automobile tires is reduced by about 1 dB 
per 10°C temperature increase. Testing in a cold climate may get up to 3 dB higher 
noise than in a hot climate. However, for truck tires, it is more difficult to observe any 
consistent temperature influence. The temperature effect is frequency-dependent. It 
affects more in the 1-4 kHz frequency range. The frequencies corresponding to the 
spectral peaks are generally unaffected by temperature, because they are mostly 
connected with the tread impact frequency. The mechanisms through which tire/road 
noise is influenced by temperature are not yet properly understood. The variations in 
rubber hardness, pavement impedance and interface adhesion with temperature may 
be some potential reasons (Dare, 2012). 
It has been indicated that the rainwater accumulated on road surface heavily 
affects the tire/road noise level. The noise levels on an SMA pavement in dry and wet 
conditions were compared under a rainfall intensity of 1 mm/h (Phillips and Abbott, 
2001). It was found that the noise level increases rapidly at the start of the rainfall. A 
maximum increase of 6 dB(A) was observed after the occurrence of the maximum 
rainfall intensity and the higher noise level may last for several hours after the rainfall 
has ceased. Studies also found that wet pavement surfaces are louder at frequencies 
above 1000 Hz (Boullosa and Lopez, 1987; Descornet, 2000), which may be 
attributed to the acceleration of water droplets and their fragmentation. 




This section discussed the effects of critical influencing factors on tire/road 
noise performance. Vehicle operating conditions, tire properties and pavement 
characteristics were identified as significantly influential on tire/road noise. With 
regard to pavement surface properties, macrotexture and acoustic absorption were 
found to be important in the determination of pavement acoustical performance. This 
leads to the utilization of porous pavements to reduce tire/road noise. 
2.2.5  Tire/Road Noise on Porous Pavement 
Porous pavements were originally developed to improve road safety by 
enhancing pavement skid resistance and reducing splash and spray in rainy days. 
However, their superior performance in tire/road noise reduction was soon recognized 
(Gibbs et al., 2005; Abbott et al., 2010). Various experimental studies on the 
acoustical performance of porous pavements have been performed, leading to 
recommendations on porous pavement design (von Meier et al., 1990; Neithalath et 
al., 2005; Kowalski et al., 2009). 
2.2.5.1  Experimental Studies on the Noise Reduction on Porous Pavements 
Younger et al. (1994) conducted a study on the acoustical performance of 
porous pavements in Oregon. Three sections along the I-5 interstate highway were 
evaluated before overlay (conventional asphalt surface) and after overlay (porous 
asphalt surface). Roadside A-weighted noise levels were measured in the study, using 
a Brüle and Kjær 2221 sound level meter and a Rion Sa-27 1/3 octave band analyser. 
It was found that porous pavements could reduce the noise level at higher frequencies. 
The overall roadside noise reduction was observed to be 0.9-2.0 dB(A), and 1-4.5 
dB(A) for 1/3 octave band in the frequency range of 600 to 4000 Hz. The superior 
acoustic property of porous pavements, compared to dense asphalt surfaces, was also 
detected in the field measurements performed by the Danish Road Institute (Bendtsen, 
1998). However, the lower-noise benefit of porous surfaces lasted only for six years 





after construction (see Figure 2.25). The acoustical performance of porous pavements 
became similar to that of dense-graded pavements since the seventh year. 
Kowalski et al. (2009) investigated the long-term acoustical performance of 
porous pavements under Indiana traffic and climatic conditions. The porous friction 
course (PFC) located on I-74 east of Indianapolis, with a design air void content of 
23%, were compared with stone matrix asphalt (SMA) and dense graded asphalt 
(DGA). Both close proximity and controlled pass-by tests were conducted shortly 
after construction, before the road was opened to traffic, and statistical pass-by tests 
were conducted periodically in the 4-year study period. It was found that the PFC 
surface had the best noise performance and was about 4 to 5 dB(A) quieter than the 
SMA section. Seasonal variation in noise was not significant on PFC, but an 
increasing trend in sound pressure level with traffic loading could be noticed. 
An experimental study on the tire/road noise from trucks was conducted in 
the Netherlands (der Graaff et al., 2005). 15 types of commercial truck tires were 
selected to be tested on twelve test tracks with various pavement surface types. 
Measurements were performed at speeds between 40 and 90 km/h. The sound levels 
were measured using the controlled pass-by and close proximity methods. The effect 
of pavement surface type on tire/road noise level measured in the pass-by tests is 
shown in Figure 2.26. The measurement results showed that the double-layer porous 
asphalt pavement (field A02) was the quietest surface type, with a noise level about 9 
dB(A) lower than that of SMA surface with epoxy resin (field A11), which was the 
loudest. The single-layer porous asphalt pavement (field A01) was slightly louder 
than the double-layer one by about 2 dB(A). All the other surface types produced 
similar noise levels, about 4 to 5 dB(A) louder than the double-layer porous asphalt 
surface. Similar results were observed in the near-field measurements as well. It was 
concluded that, in general, the porous asphalt pavement is quieter than other surface 
types. 




Similar conclusions were drawn from other research studies. The acoustical 
performance of porous pavement on Yan-Tong expressway in China was reported by 
Xu et al. (2010). It was found that porous pavement produced the lowest noise level 
among the different pavement types being tested, although the observed noise level 
do increase with pavement age and vehicle speed. In another application of porous 
pavement on Nanning express ring road in China, it was found that by providing a 40 
mm porous overlay on existing cement concrete pavement, a noise reduction of 3 to 6 
dB(A) can be achieved, compared against an asphalt overlay alternative (Yang et al., 
2009). Table 2.5 summarizes the observed benefits of porous pavements in terms of 
noise reduction from various countries. Direct comparisons between these results are 
extremely difficult because of the variations in reference surfaces, test vehicles, 
traffic conditions and measuring approaches adopted by different countries. 
More than 8 dB(A) noise reduction was reported by Ishida et al. (1996) and 
Fujiwara (2005) on specially designed porous pavements. In such a case, it was likely 
that the surface had some other means of noise reduction besides sound absorption, 
for example a lower stiffness or a negative texture. 
2.2.5.2  Design Recommendations on Acoustic Absorption 
The acoustic absorption of porous pavements is a complicated function of 
several variables, such as porosity, tortuosity, porous layer thickness and air flow 
resistance. Theoretically, these variables can be adjusted to optimize the acoustic 
absorption of a particular porous surface. The design objective is normally to obtain 
the maximum absorption coefficient at a frequency around 1000 Hz for high speed 
facilities and 600 Hz for low speed ones (von Meier, 1992). In addition, the frequency 
width of high absorption coefficient should be as broad as possible. 
It appears that the porosity value governs both magnitude and bandwidth of 
the peak absorption, whereas the air flow resistance governs mainly the bandwidth. 
The tortuosity and layer thickness determine the peak absorption frequency and also 





affect, to some extent, the bandwidth and magnitude of maximum acoustic absorption. 
Considering the effect of air void content, higher porosity increases the bandwidth of 
absorption peak. The optimum air flow resistance was reported to be in the range of 
20-50 kNs/m
4
 for high speed roads and 12-30 kNs/m
4
 for low speed roads (von Meier 
et al., 1990). The tortuosity is a measure of the path length of the pores throughout the 
porous layer. Higher tortuosity apparently leads to a lower frequency of the maximum 
absorption.  
An illustration of porous pavement acoustic absorption spectra at different 
porous layer thicknesses is shown in Figure 2.27. The general effect of increasing 
porous layer thickness is to make the absorption peak shift to a lower frequency. It 
also introduces the secondary peaks into the critical frequency range of tire/road noise 
(i.e. 0.3 to 2 kHz) at high frequencies (Neithalath et al., 2005; Losa and Leandri, 
2012). Meanwhile, absorption spectrum becomes peaky when porous layer thickness 
increases. The noise reduction on porous pavement can be enhanced by adjusting 
porous layer thickness to make sound absorption spectrum fit tire/road noise spectrum. 
For acoustical performance optimization, von Meier et al. (1990) suggested a 32-50 
mm porous layer thickness to have the absorption peak at 1000 Hz. It would be 
unwise to make porous surface too thick, considering noise reduction efficiency and 
material cost. 
2.2.6  Existing Model for Tire/Road Noise 
Besides experimental studies, research were also performed to develop 
tire/road noise models (Descornet and Sandberg, 1980; Kropp, 1992; Sandberg and 
Ejsmont, 2002; Nachenhorst, 2004; Kuijpers et al., 2007; Yang, 2013). Existing 
tire/road noise models are broadly classified into three categories, namely empirical 
models, theoretical models and numerical models. Due to the complexity of tire/road 
noise phenomena, none of the existing models is able to appropriately cover all the 
mechanisms in noise generation and amplification, nor are they capable enough to 




consider all the influencing factors. Each model in the literature involves only several 
major mechanisms to make it work well in specific scenarios. This section presents a 
brief review on the major developments in tire/road noise modeling and the emphasis 
should be placed on the noise prediction using pavement surface properties. 
2.2.6.1  Empirical Models 
A relatively simple method to derive the tire/road noise prediction models is 
to correlate the emitted noise levels with measured tire and pavement properties using 
statistical regression approaches. The most significant factors are identified and 
included into the models, although there is no theoretical representations of the 
various mechanisms. Such methods were initially used to estimate the noise level 
from tire properties and tread pattern (Varterasian, 1969; Fong, 1998; Ejsmont, 2000), 
and then models considering pavement effects were developed as well. 
To predict noise level from pavement properties, an early effort was made by 
Descornet and Sandberg (1980) in the analysis of the relations between noise levels 
and texture spectra. This work led to a simple prediction equation: 
80 5ERNL a L b L c                     (2.27) 
where, ERNL is the estimated road noisiness level [dB(A)], L80 is the texture level in 
the octave band centred at 80 mm wavelength in relation to the reference level of 10
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m, L5 is the texture level in the octave band with centre wavelength of 5 mm, and a, b 
and c are constants derived from regression. The constants depend on the vehicle and 
tire types, speed range and measurement method. This simple relationship provides a 
rough estimation of the acoustical performance of pavements and is feasible for a 
general comparison between surface textures. However, it is only valid for car tires 
and non-porous pavements. One major drawback of this model is the arbitrariness of 
the absolute noise level, c, which causes the model unable to provide the typical noise 
emission levels. This model assumes that L80 and L5 are representative of the course 
and fine textures, respectively, which may not always be true, especially for a surface 





with periodical grooves or blocks. Some other studies also attempted to reveal the 
relationship between texture spectra and noise spectra (Rasmussen et al., 2006; Klein 
and Hamet, 2007; Dare and Bernhard, 2009). It was concluded that pavement textures 
in the wavelength range of 30-100 mm correlates positively with noise levels in the 
frequency range of 500-1000 Hz, and those with wavelengths shorter than 2 mm 
affects noise levels higher than 2000 Hz negatively. 
In order to address some of the limitations in the original model described by 
Equation (2.27), Sandberg and Ejsmont (2002) introduced the effects of pavement 
age, porous surface and heavy vehicle into the model to make it more comprehensive. 
The overall model for passenger cars is then presented as: 
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where T is the surface age in years, u is a constant depending on T, Ω is the porosity 
(%), d is the porous layer thickness (mm), q is a constant depending on Ωd, and MPD 
is the mean profile depth (m). The model constant increases from 67 for cars to 81 for 
trucks, in order to approximately reflect the difference in noise emissions between 
cars and trucks at a somewhat average travel condition. These models can only be 
used to compare acoustical performances of different pavements. The  absolute noise 
levels calculated from the equations may not agree with measurements due to the lack 
of considerations in tire types and vehicle speeds. Therefore, the applications of such 
models require careful calibrations. 
 The statistical physical explanation of rolling noise (SPERoN) model is 
another well developed empirical model, initially developed for the German Road 
Authority by M+P and Müller-BBM in the Sperenberg project (Kuijpers et al., 2007). 
The first version aimed to explain the texture-induced noise for passenger car tires. 




Further parallel developments included more and more mechanisms into the model. 
The latest version of SPERoN model has become a hybrid model combining both the 
physical and statistical approaches. The core of this model is a multivariate regression 
relationship describing the various mechanisms of tire/road noise generation. This 
interaction model defines a sound energy at the measurement position and assumes 
that the sound energy emission results from five components, namely tire vibration, 
airflow related sources, tire cavity, vehicle body aerodynamic and friction/adhesion. 
It further assumes that contributions are uncorrelated with each other and the total 
sound power is a linear superposition of the individual sources. The model is 
described as: 
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where 
2
totalp  is the total sound power, 
2
vibrationp  is the component resulting from tire 
vibration, 
2
airflowp  is the component related to air flow within the contact patch, 
2
cavityp  
is the source of tire carcass cavity resonances, 
2
vehiclep is the aerodynamic noise around 
car body, and 
2
frictionp  is the contribution due to friction and adhesion. The values of 
these components can be obtained from the following expressions: 
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where a, b, c, d, e are the regression coefficients, α1, α2, α3, β1, β2, γ, δ, and ε are the 
regression exponents, Fc is the tire-pavement contact force derived from analytical 
approaches, Γ is the air flow resistance of pavement, B is the tire width, S is the tire 
tread stiffness, V is the traveling speed, Gpattern is the spectral power of tread pattern 





variation, and X is the micro-roughness. It is noted that the regression coefficients (a 
through e), the contact force (Fc) and the tread pattern effect (Gpattern) are frequency-
dependent, and Gpattern also depends on the traveling speed (V). The noise absorption 
of porous pavement could be integrated into the model through a representation of 
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where ΔLp is the difference between the noise emissions on dense and porous surfaces, 
A is an amplification factor, Hhorn(f) is a weighting curve expressing the horn effect 
strength as a function of frequency, α is the absorption coefficient at frequency f, and 
fsh is the frequency shifting factor (normally with a value of 1.25-1.30). The primary 
advantage of SPERoN model is that it covers most of the important noise generation 
mechanisms and provides the possibility to address various tire-road combinations. 
However, because of the large number of regression coefficients and exponents, it is 
very difficult to calibrate this model, especially considering the frequency 
dependency of the coefficients and variables. Comprehensive measurements on tire 
and pavement properties are needed in model validation and application, which may 
not always be available. Therefore, while the SPERoN model is popular in the 
literature, its application in industrial practice is still limited to date. 
The SPERoN model takes the CPB noise spectrum as the dependent variable 
which contains sound other than tire/road noise and most of its independent variables 
represent tire properties rather than pavement properties. Another statistical model is 
recently developed to estimate the influence of concrete pavement surface textures on 
OBSI noise measurement (Izevbekhai, 2012). Tire/road noise is isolated from the 
other sources in this model, which was derived from an unforced stepwise regression 
process and is expressed as: 
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where T is the air temperature in °K, ASP is the asperity interval in pavement texture 
(the average interval of repeating patterns of asperity), ASPT is the asperity interval 
of tire, DIR is the texture striation direction (transverse = 1 and longitudinal = 0), IRI 
is the international roughness index describing the pavement smoothness, IRIT is a 
reference value of 15 m/km, and SP is the texture spikiness variable (i.e. the texture 
direction, positive = 1 and negative = 0). This model has been shown to be capable to 
reproduce more than 90% of the field measurements within a 1.5 dB(A) error criteria. 
This prediction model considers both small scale and large scale texture variables as 
well as an environmental variable, but the texture profile depth was not identified as a 
significant influencing factor. This model is feasible for noise estimation of a 
standard reference test tire (SRTT) running on cement concrete pavements at a 
constant speed of 60 mph. It may not be valid for other tire types or asphalt 
pavements. The noise variation with speed is not involved in the model. Moreover, 
this model is infeasible to predict the noise levels on porous pavements. 
Other empirical models were also developed with different considerations 
(Fujikawa et al., 2005; Losa et al., 2010; Mak et al., 2011; Dubois et al., 2013; Yu 
and Lu, 2013). They are capable, to some extent, to estimate the noise levels for 
particular tire and pavement types under given traveling conditions, but none of them 
can be extensively applied to various situations. Although theses models adopt most 
of the critical variables and attempt to cover the major influencing factors in their 
formulations, it is not possible to obtain any theoretical explanations on the tire/road 
noise mechanisms from such statistical models.  
2.2.6.2  Theoretical Models 
In order to better explain tire/road noise emission mechanisms, various 
theoretical models have been developed since the late 1980s. Most of these models 





focused mainly on tire vibration noise. An early model was initially developed by 
Kropp (1989a-b) based on a linear tire assumption, where the tire is modelled by a 
continuum circular ring with excitations at discrete points. The analysis showed that 
below 250 Hz tire tread behaves like a string under tension, while between 250 and 
400 Hz it works like a beam with high material losses. At approximately 400 to 2000 
Hz tread band has an input admittance similar to that of a flat plate and behaves like a 
two-dimensional bending waveguide. The model was then refined (Kropp, 1992) to 
simulate a smooth tire rolling over a rough pavement surface at a constant speed. The 
model was formulated in the time domain to capture the nonlinear interactions 
between tire tread and pavement surface. Tire responses were calculated with a 
convolution technique between the Green's functions and the contact forces. The 
functions were solved as an orthotropic plate under tension on an elastic "Winkler 
bedding" foundation. Larsson (2000) developed an approach to define the stiffness of 
individual springs in the bedding, in which the effect of local stiffness was included 
in the Green's functions directly. This model was found to agree well with field noise 
measurements up to 2500 Hz. A major limitation of this model is that it considers 
only the tire vibration and neglects the air displacement mechanisms. Moreover, tire 
rotating conditions are not properly reproduced and there is a lack of the complete 
description on sound radiation in this model. 
Molisani et al. (2003) developed a closed form analytical model for the tire 
structure/acoustic cavity evaluation. The acoustic-structure coupled problem is solved 
simultaneously to incorporate the dynamics of tire cavity on the mechanical response 
of tire. The tire was modelled as an annular cylindrical shell where only the tire tread 
was assumed elastic and flexible. Tire sidewalls and wheel were considered rigid. 
The tire was assumed to be stationary without rotation and the external excitation was 
a point force acting normally to the tire tread. The equations of motion for this thin 
circular cylindrical shell follow the Donnell-Mushtari theory. The structural 
responses were expanded in terms of eigen-functions based on the analytical solutions 




of the eigen-problem. The acoustic mode shapes and natural frequencies for a rigid 
annular cavity were derived in order to integrate the effects of tire acoustic cavity 
responses into the structural responses. The acoustic-structure interaction problem 
was solved based on the structure eigen-properties and the interior acoustic eigen-
properties. The approach to solve this coupled problem was to include the force 
resulting from interior pressure into the tire's equations of motion, while the fluid 
force in turn depended on the tire structure responses. This model is more efficient in 
analysing the coupling between acoustic cavity and tire structure, comparing to the 
numerical simulations. Although case studies (Molisani et al., 2003) demonstrated the 
capability of this model in capturing the main mechanisms of the tire cavity acoustic 
effect on the tire dynamics, it has never been validated against measurements. The 
stationary tire framework and the point load excitation make the modeling different 
from reality. Furthermore, the assumptions of rigid tire sidewalls and single-layer thin 
shell tire significantly reduce the reliability in reproducing the real tire vibrations. 
A more complex theoretical model for the structure-borne tire/road noise was 
developed by O’Boy and Dowling (2009). This model is able to predict the noise 
emission of a multilayer patterned tire rolling on a rough road surface. A viscoelastic 
multilayer tire belt model was first developed to derive tire vibration characteristics 
[see Figure 2.28 (a)]. Tire was modelled as an infinitely long cylinder with multilayer 
belt material. Each layer was assumed to be homogeneous isotropic viscoelastic. The 
boundary conditions on the inner belt surface included a mathematical representation 
of an inflated air cavity and the outer surface was exposed to the atmosphere with an 
localised force excitation. Mechanical responses on tire tread (displacement and 
velocity) could be determined with the material properties from tire design process. 
The authors then developed an approach to derive parameters for a simple bending 
plate model to yield equivalent responses as the multilayer tire belt. This equivalent 
bending plate model was further modified to make it capable to include the effect of 
tire sidewalls into the prediction of tire mechanical response. Transfer functions were 





derived to relate the radial acceleration of tire surface to a normal force excitation on 
tire tread using the finite width tire plate [see Figure 2.28 (b)]. The accelerations on 
tire surface as the tire rolls over a rough pavement surface at a constant speed were 
next determined from the transfer functions and the contact force. The accelerations 
were used to predict the sound pressure distribution around the tire, taking the noise 
amplification due to horn effect into consideration. This model is capable to estimate 
the tire vibration characteristics and the structure-borne noise. It has been validated 
against experimental results with satisfactory agreements. This model employs a 
relatively complicated representation of tire tread and considers, to some extent, the 
effect of tire sidewalls and inflation pressure. However, the model focuses mainly on 
tire characteristics, thus does not appropriately consider pavement surface properties. 
It involves only the noise generated by tire vibration and amplified by the horn effect. 
Other mechanisms are neglected in the model formulation. 
Some other theoretical models are also available in the literature. Kim (2003) 
studied the sound radiation from tire tread vibration using a circular ring model. This 
work led to further analysis on the flexural wave propagation in the tire shell using 
the plate and shell models (Kim et al., 2007). A spring-mass system, an elastically 
supported beam and a cylindrical shell model were adopted to investigate the tire 
vibrations at different frequency ranges respectively. The tire structure modes were 
then coupled with the inner cavity modes and the sound radiation from a tire shell 
could be derived. Berckmans et al. (2010) evaluated the tire noise emission using a 
sound synthesis technique with behaviouristic source models. The running tire is 
substituted by a monopole distribution covering the static tire. The quantification of 
the monopoles was based on both the tire vibration and airborne sources. Loudness 
and sharpness were taken as the output indexes in the evaluation to represent the 
perceived sound quality. Besides, researchers have developed some analytical models 
to describe the tire vibration characteristics, which may be further developed to 
provide noise prediction (Kim and Bolton, 2004; Kozhevnikov, 2012). A common 




limitation of the analytical models is that they are mostly research-orientated and are 
difficult to be implemented in practice. The comprehensive theories lying behind the 
phenomena force the formulations to be complicated and make the solving process 
difficult. Due to the imperfection in tire mechanics and air acoustics theories, 
analytical models can actually only partially explain and replicate the mechanisms. 
Such models normally focus on one or two noise emission mechanisms (such as tire 
wall vibrations and horn effect) and neglect all the others (such as air pumping and 
acoustic resonance).  
2.2.6.3  Numerical Models 
Numerical methods (such as FEM, BEM and CFD) have been developed to 
simplify the mathematical formulation of physical problems and solve governing 
equations more efficiently. Clapp et al. (1987; 1988) proposed a three-step model to 
describe the noise generation based on the tire vibrations excited by contact pressure. 
The first step was named "excitation", where the contact pressure, footprint length 
and tread penetration in the tire/pavement contact patch were approximated from the 
surface texture effects. The problem was simplified as a rigid indenter contacting an 
elastic half plane. The pavement surface profile and tire inflation pressure were 
requested as the only input data in this step. In the second step a dynamic tire 
structural response model was developed. Orthotropic properties of tire ply materials 
were adopted and shell elements were used to define the tire carcass. The tire model 
was excited by a time varying pressure distribution resulting from the first step. The 
dynamic solutions of displacement and acceleration were Fourier transformed to 
derive the frequency response of tire/road interaction. In the third step, the noise 
radiation from a vibrating tire surface was computed by a finite element model. The 
acoustic domain was treated as a stationary compressible fluid and the sound waves 
were generated from a boundary with prescribed accelerations. The acoustic problem 
was then transformed to a structural dynamic problem by taking the fluid as a solid 





with a zero shear strength. Although the dynamic tire model has been validated 
against experiments, the noise radiation results have not been validated. The fluid-
structure analogy used in the model formulation may reduce the accuracy and 
reliability of the noise prediction. The three-step framework of this model established 
a general procedure for tire vibration noise analysis. Many later model developments 
followed this excitation-response-radiation workflow and made further improvements 
in the three modules. 
A progress was achieved by the TINO model developed from the EU project 
"Measuring, understanding and reducing tire noise emission under realistic vehicle 
operation conditions including the contribution of the road surface" (Gelosa and 
Cervi, 1999; Guisset and Augusztinovicz, 1999). The tire vibrations were reproduced 
by a transient finite element approach and the noise radiation was modelled by the 
infinite element method. A numerical acoustic holography technique was developed 
using the inverse boundary element method (I-BEM) and validated against 
experimental results. Introducing the boundary element method and infinite element 
method into the noise radiation analysis simplified the representation of the acoustic 
field around a vibrating tire. The acoustic Helmholtz equation could be appropriately 
solved numerically, therefore, the efficiency of the "radiation" step was significantly 
improved in this model. However, the transient tire vibration model in the "response" 
step may be quite time and resource consuming, since very small time steps were 
necessary to replicate the high frequency noise and a sufficient total time was also 
needed to capture the low frequency characteristics. To overcome this shortcoming of 
the transient response model, tire vibration could be analyzed in the frequency 
domain rather than the time domain. 
Nachenhorst (2004) made a significant improvement to the contact-induced 
rolling tire vibration analysis in frequency domain. Two challenges were identified 
for the model development, one is the physically correct description of rolling tire in 
a stationary framework and the other is the large mode density of tire structure at the 




high frequencies (Brinkmeier and Nackenhorst, 2008).  The first problem was solved 
using an arbitrary Lagrangian Eulerian (ALE) formulation and the second one was 
addressed by an approach for large-scale gyroscopic eigenvalue analysis. The weak 
form of the equation of motion was developed from the kinematic description of the 
ALE-formulation of rolling structure and an additional flux contribution describing 
the material motion was derived. The basic kinematic relations were presented within 
the large deformation framework. The contact status was formulated on the case of a 
deformable wheel rolling on a rigid surface. A complex eigenvalue analysis was then 
performed for this stationary rotating system. An efficient algorithm was developed 
based on a Lanczos-type subspace iteration with a proper numerical treatment of the 
eigenvalue problem. A large number of eigenvalues and eigenvectors can be solved 
efficiently by splitting frequency band and using shifting techniques. This stationary 
rolling tire vibration model was further developed to simulate the tire rolling noise 
(Brinkmeier et al., 2008). The normal velocities of tire surface were computed by a 
modal superposition approach with a frequency domain excitation derived from the 
pavement surface texture. Noise generated from the tire vibration was then calculated 
using the BEM approach, taking tire surface velocities as a boundary condition. The 
ALE formulation is successfully adopted to describe the rolling tire with a stationary 
framework in this model and the eigenvalues at high frequencies can be efficiently 
solved. These advantages make possible the analysis of tire/road noise in frequency 
domain. The main limitation of this model is that only the mechanical excitation due 
to pavement texture is considered and the acoustic characteristics of pavement 
surfaces remains neglected. 
Another significant improvement was achieved by Kropp et al. (2012) in the 
modeling of sound radiation from rolling tires. The wave guide finite element method 
(WFEM) was adopted to develop an advanced tire response model, which was then 
integrated with a boundary element model (BEM) to predict the sound pressure level. 
The smooth tire was considered as a homogeneous wave guide in the circumference 





direction. A 2D FE model of tire cross section was applied in the WFEM formulation 
and the tire vibration was described by a group of waves along the circumference. 
This formulation would lead to a set of coupled partial differential functions and their 
solutions could interpret the waves physically. The contact model was formulated in 
the time domain, where the tire structural responses to the time-varying forces were 
computed as a convolution between forces and impulse response functions. The latter 
was derived by inverse Fourier transformation from the WFEM results and 
transferred receptances in the frequency domain. A stationary tire relative motion 
framework was adopted, i.e. the contact patch was rotating around the tire. With the 
contact geometry and forces obtained from the contact model, cross section modes 
and circumferential waves were derived from kinetic equations and the vibration field 
on tire was composed of lateral modes combined with the waves propagating around 
the tire. Some examples of low-order modes are illustrated in Figure 2.29. This tire 
vibration served as an input in the BEM radiation model where the horn effect was 
also involved. The model included an impedance plane to describe the pavement 
reflection and absorption by means of an appropriate Green’s function (Brick, 2009). 
The overall model was validated against some noise measurements on an ISO replica 
surface with, somehow, a grooved tire. The numerical results showed very good 
agreements to experimental measurements. This is one of the most advanced tire/road 
noise models up to date. It can efficiently calculate the tire response and sound 
radiation. It is also capable to take the pavement texture and acoustic absorption into 
consideration. Although the model should be able to include the pavement acoustic 
property, the model validation on porous pavements has not been presented. Due to 
the homogeneous wave guide assumption, the model is only valid for smooth tires 
and may need further developments to cover patterned tires. Besides, similar to other 
tire vibration noise models, the air-related generation mechanisms are not considered. 
Yang (2013) recently developed a computational fluid dynamic (CFD) model 
to predict the noise emission from a rolling tire, attempting to combine the air-related 




mechanisms with the FEM tire vibration simulation. This model worked in the time 
domain, physically modeling the tire and pavement using shall elements in an FEM 
structure sub-model and modeling the surrounding air using tetrahedral elements in a 
CFD fluid sub-model. The fluid-structure interaction (FSI) algorithm was adopted to 
connect the two sub-models and transfer data between them. A smooth tire rolling on 
a smooth pavement at a constant speed was simulated in the structure sub-model with 
a stationary rolling frame of reference, where a standing tire was rotating around its 
axle without translational displacement and the pavement surface moved horizontally 
towards the stationary tire at the traveling speed. The tire surface displacements were 
calculated and transferred to the fluid sub-model, where the stationary air was excited 
by the boundary movement and the air pressure variation was captured as the sound 
radiation. The turbulence effect was considered using the large eddy simulation and 
the adaptive mesh approach was adopted to automatically adjust the element sizes 
and shapes according to the calculation results. This model was validated against the 
experimental measurements. The primary advantage of this model is that it simulates 
more mechanisms than the tire vibration, such as the aerodynamic effect and horn 
effect. However, the pavement texture is not considered in the tire vibration modeling, 
which may make the model inadequate for the rough pavement surfaces. The air is set 
stationary without a relative motion towards the tire axle, which restricts the model's 
capability to simulate the air pumping effect. The effect of pavement porosity on 
tire/road noise is not included in this model, although it has the potential to be 
simulated on porous surfaces. 
There are many other numerical models available in the literature that 
simulate different tire/road noise mechanisms. The representatives include the FEM 
model on the horn effect introduced by Graf et al. (2002), the modal tire model 
developed by Gauterin and Ropers (2005), the prediction of air-pumping noise 
described by Kim et al. (2006) and the representation of porous pavements in BEM 
models proposed by Anfosso-Lédée et al. (2007). The existing works illustrate the 





potential of numerical modeling in the tire/road noise simulation and prediction. 
More and more mechanisms have been investigated using numerical models. The 
formulation of numerical models is much simpler comparing to that of theoretical 
models, provided various commercial software available, and its efficiency is 
improved significantly with the development in computational capacity. However, 
there is still a lack of validated numerical model to evaluate the tire/road noise on 
porous pavements. This restricts the understanding of tire/road noise mechanisms on 
porous pavement and limits the applications of porous pavements in the traffic noise 
reduction. 
This section extensively reviewed past research on tire/road noise with 
emphasis on experimental studies and model developments. Tire vibration and air 
pumping effects are identified as the kay noise generation mechanisms, and horn 
effect is believed to have a significant influence on tire/road noise amplification. 
Pavement surface textures and its acoustic absorption are found to be the most 
essential influencing factors to tire/road noise, with regard to pavement properties, 
and the increase of noise level with increasing vehicle speed is very significant. 
Porous pavement is found to be effective in the abatement of tire/road noise, and the 
noise reduction effect can be optimized through appropriate porous mixture design. 
Tire/road noise modeling has achieved significant progress in recent years. However, 
numerical simulation of tire/road noise on porous pavement is still unavailable to date. 
2.3  Summary 
This chapter has reviewed past research works on skid resistance and 
tire/road noise, covering generation mechanisms, measurement approaches, 
influencing factors, porous pavement effects and prediction models. 
Skid resistance mechanisms can be interpreted by the classical rubber friction 
theories. The elasto-hydrodynamic lubrication theory explains the reduction of 
frictional force on wet pavements, which can be described by the three-zone model. 




Among the various skid resistance measurement approaches, lock-wheel trailer test is 
a well-developed and widely-used standard method. It evaluates the most adverse 
skidding situation for a braking vehicle. From extensive experimental measurements, 
pavement surface characteristics, tire properties, vehicle speed and environmental 
factors are found influential on skid resistance. Pavement texture and water film 
thickness are identified as key influencing factors. Porous pavement exhibits superior 
skid resistance performance from its higher macrotexture and inner drainage capacity. 
These features help to reduce water film thickness and discharge water from tire-
pavement interface, so that high friction can be better maintained at high speeds. 
Numerical tire-water-pavement interaction models have been developed for dense-
graded pavements to simulate lock-wheel test and predict skid number. These models 
are complements to experimental studies and help to understand skid resistance 
phenomenon. However, no numerical skid resistance model for porous pavements is 
currently available. 
Tire vibration and air pumping are identified as the dominant noise 
generation mechanisms. Horn effect significantly amplifies the noise generated near 
the contact patch. The near-field measurement techniques (such as CPX and OBSI 
methods) are superbly suitable for tire/road noise investigation and serve as the most 
appropriate tire/road noise measuring method to date. Vehicle operations, tire 
characteristics, pavement properties and environmental conditions can affect tire/road 
noise. For a pavement surface, macrotexture and acoustic absorption are the most 
important properties determining its acoustical performance. Porous pavement 
provides negative macrotexture and higher acoustic absorption, which can aid in 
tire/road noise reduction. The noise reduction effect can be optimized in the porous 
mixture design by adjusting porosity, tortuosity, airflow resistance and porous layer 
thickness. Past studies have demonstrated the potential of numerical methods in 
tire/road noise modeling. However, due to the complexity of tire/road noise 
phenomenon, none of existing models can include many mechanisms or influencing 





factors, and the valid numerical simulation model for tire/road noise prediction on 
porous pavement is still unavailable to date. 
2.4  Research Needs and Scope of Work 
From the extensive literature review conducted in this chapter, it is concluded 
that existing experimental studies are insufficient to allow a thorough understanding 
on the mechanisms of skid resistance and tire/road noise on porous pavements. The 
lack of appropriate numerical models discourages the optimization of porous 
pavement functional performance. Porous pavement design, therefore, fails to directly 
consider the frictional and acoustical performances simultaneously. To address this 
problem, the following research needs are identified. 
 To develop numerical simulation models of skid resistance and tire/road noise for 
porous pavements, with proper representations of the porous layer properties. 
 To analyze the phenomena of skid resistance improvement and tire/road noise 
reduction on porous pavements and to quantify the effects of major factors 
affecting porous pavement frictional and acoustical performances. 
 To optimize the functional performances of porous pavements according to the 
numerical results and to improve the porous mixture design process to include the 
consideration of functional performances. 
The primary objective of this study is to develop and apply numerical models 
to analyze the skid resistance and tire/road noise on porous pavements. The numerical 
simulations are cost- and time-saving and are easy to be implemented. They can serve 
as a complementary research approach to experimental studies. This study should 
enhance the understanding in the mechanisms of skid resistance and tire/road noise 
on porous pavements and provide a clear picture on the influencing factors. When 
integrated with existing design practices, the findings in this study should be able to 
predict the functional performance of finished porous pavements and could be used to 
optimize the mixture design. Furthermore, the models and analyses could also be 




used in the maintenance management of porous pavements to help in deciding the 
maintenance strategies. 
The present study will focus on the simulations of lock-wheel trailer skidding 
test and close-proximity noise measurement. These two tests are the most popularly 
used methods to date and the test conditions are clearly defined in the specifications. 
Only the simple situation of straight traveling of vehicles at a constant speed is 
considered, since it is the standard test scenario and also the most common traveling 
condition on roads. Moreover, to simplify the problem and focus on pavement 
properties, only smooth tires with no tread patterns are adopted in the current 
simulation models. This is also because smooth tire experiences the most adverse skid 
resistance on wet pavements and generates a noise level with no much difference 
from that of a treaded tire on porous pavements. Based on the scope of this work, the 
following tasks are identified to be carried out in the remaining chapters. 
 To develop a numerical methodology to replicate the drainage capacity of porous 
pavements using the finite element method, and apply this approach in the skid 
resistance modeling of porous pavements. The resulted overall FE model should 
be able to simulate the ASTM E274 lock-wheel trailer test on porous pavements 
and should be validated against experimental data. 
 To develop an analytical framework to compare the frictional performance of 
porous and non-porous pavements under the same condition. This framework is 
then used to explain the mechanisms of skid resistance improvement on porous 
pavements and analyze the effects of major factors (such as porosity, porous layer 
thickness, rainfall intensity and vehicle speed) that can affect skid resistance on a 
porous pavement. 
 To develop a numerical model simulating the close-proximity tire/road noise 
measurement according to ISO 11819-2 specification. The model should cover 
the major noise generation, amplification and reduction mechanisms, such as the 





tire vibration, horn effect and pavement acoustic absorption. It may involve both 
the finite element method and the boundary element method. The model needs to 
be calibrated and validated against the experimental measurements as well. 
 To apply the tire/road noise model to compare the noise levels on porous and 
non-porous pavements, and explain the mechanisms. The developed model is 
then used to analyzed the effects of major factors affecting porous pavement 
acoustical performance. These factors include porosity, porous layer thickness, 
surface texture and vehicle speed. 
 To integrate skid resistance and tire/road noise performances into porous 
pavement design. The developed models serve as a tool to predict the frictional 
and acoustical performances of the finished porous pavement in the design phase 
and the extensive analysis results are used to optimize the mixture design. The 
identification of key variables and design criteria is an essential challenge in this 
task, as well as the valuation of safety and comfort benefits. 
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Table 2.2: Effects of major influencing factors on tire/road noise variation 
(Sandberg and Ejsmont, 2002) 
 
Influencing factor Noise level variation (dB) 
Vehicle speed (30-130 km/h) 25 
Road surface (conventional) 9 
Road surface (including extremes) 17 
Truck tire type (same width) 10 
Car tire type (same width) 8 
Car tire type (including width influence) 10 
Studs in tire 8 
Wheel load and tire inflation (±25%) 5 
Road condition (wet/dry) 5 
Temperature (0-40°C) 4 
Torque on wheel (0-3 m/s
2
 acceleration) 3 
 





Table 2.3: Coefficients in the linear equation describing the speed-dependency of 
tire/road noise 
 






9.3 41.6 Truck, Lug 





27.3 33.5 Porous 0/8 
23.4 37.3 ISO surface 
24.4 36.9 SMA 0/5 
24.6 37.2 Surface dressing 
21.9 39.9 PCC pavement 
27.9 35.5 AC 0/11 
27.1 36.7 Asphalt 0/11 





11.8 36.3 SMA 
10.7 36.8 porous 




AC 0/16 with chippings on surface  
33.5 33.0 SMA 0/4 
34.2 32.6 SMA 0/6 
30.4 34.9 SMA 0/8 
27.8 37.0 Surface dressing 5/8 
39.5 29.2 Porous 6/16 
37.1 29.0 Porous 4/8+11/16 
34.4 29.2 Porous 2/4+11/16 
38.9 30.9 Gussasphalt 0/11+2/5+5/8 
20.3 42.0 PCC transversely brushed 
32.7 34.2 PCC with epoxy-durop 3/4 
24.3 37.8 PCC burlap drag 
27.6 36.9 PCC exposed aggregate 
 




Table 2.4: Potential influences of pavement properties on tire/road noise 
(Sandberg and Ejsmont, 2002) 
 
Parameter Degree of influence 
Macrotexture Very high 
Megatexture High 
Microtexture Low to moderate 
Unevenness Minor 
Porosity Very high 
Porous layer thickness High 
Adhesion Low to moderate 






Table 2.5: Noise reduction on porous pavements in selected countries 
 
Country Noise reduction [dB(A)] 
Denmark 3 to 5 
The Netherland more than 3 to 5 
United Kingdom 5 to 6 
France more than 5 
United States 3 to 6 
Sweden 7 to 12 
Switzerland 7 to 9 
China 3 to 6 
Japan 4 to 6 
 
















































Figure 2.5: Accelerated polishing machine 
 






















Direction of Travel 
Yaw Angle 

















Figure 2.11: Pavement microtexture and macrotexture (Flintsch et al., 2003) 
 
microtexture λ < 0.5 mm 
0-0.2 mm (amplitude) 
macrotexture 
0.5 mm < λ < 0.5 mm 
0.2-3.0 mm 
(amplitude) 


















Figure 2.14: Friction coefficient at different slip ratios (Hall et al., 2009) 
Vehicle Speed (km/h) 
Note: t refers to water film thickness 
t = 1.5 mm 
t = 1 mm 
t = 0.5 mm 
t = 0.1 mm 
 
t = 0 mm 
Dry pavement surface 
 
0 
























Figure 2.15: Illustrative relationship of tire/road noise and power unit noise with 
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Figure 2.18: CPX trailer (Bakker et al., 2012) 
 










(a) CPX reference tire P1 
 
  
(b) CPX Reference tire H1 
 
Figure 2.20: CPX reference tires and tread patterns (Bakker et al., 2012) 





   
 
(a) Single probe                                      (b) Dual probe 
 






(a) Outer drum                                     (b) Inner drum 
 

























Figure 2.25: Noise level variations of different surface types with pavement age 
(Bendtsen, 1998) 
 





































2. Light trucks 
3. Busses 
4. Trucks with 2 axles 
5. Trucks with 3 axles 
6. Heavy trucks, more than 3 axles 
Porous asphalt (18-22%) 
Porous asphalt (>22%) 
Porous asphalt (>22%) 
Dense asphalt concrete 































Figure 2.26: Measured sound levels on different types of pavement surfaces 







Figure 2.27: Acoustic absorption spectra of porous layers with different 
thicknesses (Losa and Leandri, 2012) 
 
 
t = 40 mm 
t = 60 mm 
t = 100 mm 
t = 80 mm 
S: steer axle 
D: drive axle  
T: trailer axle 
PAC: porous asphalt concrete DAC: dense asphalt concrete 
SMA: stone mastic asphalt  DSK: Dünne schicht im Kalteinbau 












Figure 2.29: Examples of low-order modes in the WFEM model developed by 
Kropp et al. (2012)
p: applied load per unit area 
w: normal displacement 
x, y: plane coordinate 
t: time 
h: thickness 
R0: radius of tire 
E: Young's modulus 
ν: Poisson's ratio 
D: bending stiffness 
T: in-plane tension 
(a) Complete viscoelastic cylindrical model or the tyre belt 
(b) A thin bending plate with finite width and in-plane tension 
Outer layer, r0 





sidewalls and dampers 
Air pressure 
 
Wheel hub fixed to ground 
 
Excitation force 





CHAPTER 3  DEVELOPMENT OF NUMERICAL MODEL FOR SKID 
RESISTANCE ON POROUS PAVEMENT 
With the rapid development in computational power, numerical simulation 
has been widely used in pavement research in recent decades. Although it cannot 
fully replace the need for experiments, it provides a less expensive and more efficient 
alternative. This chapter presents the development of a numerical simulation model 
for skid resistance on porous pavements. The critical issues in developing such a 
model are first addressed, followed by a description on the numerical modeling using 
finite element method. The core of this simulation model is to appropriately 
reproduce the drainage capacity of porous pavements. An iterative process based on a 
structural grid pore network is proposed to model the porous pavement layer with 
consideration on porosity, permeability and clogging. This porous pavement model is 
then integrated with a tire model and a fluid model to simulate tire-pavement-fluid 
interaction occurring near the tire-pavement contact patch. The overall porous 
pavement skid resistance model is then validated against experimental measurements. 
3.1  Issues Considered in Modeling Skid Resistance on Porous Pavement 
The wet skid resistance on porous pavement is a complex phenomenon 
involving various mechanisms. Its modeling requires both finite element method 
(FEM) and computational fluid dynamics (CFD) formulation. In the simulation of 
porous pavement skid resistance, following issues should be considered numerically 
in order to get more accurate results. 
3.1.1  Tire-Pavement Contact 
The interactions between tire and pavement are critical in skid resistance 
modeling. A numerical study conducted by Ong and Fwa (2007a) has indicated the 
importance of realistic contact modeling in the prediction of skid resistance on 
conventional smooth pavements. The adopted non-linear contact algorithm must 




include friction computation so that tire footprints at different wheel loads, as well as 
contact and friction forces, could be reproduced closely. 
3.1.2  Fluid-Structure Interaction 
The interaction between water on road surface and the pneumatic tire is an 
important element in wet-pavement skid resistance and has to be properly addressed. 
It includes the hydrodynamic pressure applied on tire tread by water and the effect of 
tire deformation on water flow. It should be a two-way coupling process, where fluid 
force is transferred to the solid model and solid deformation is transferred back to the 
fluid model. The iteration continues until errors in both pressure and displacement 
satisfy certain convergence requirements. 
3.1.3  Tire Deformation Behavior 
Tire deformations under loading have to be correctly described in the 
simulation model. The deformed tire geometry is essential to model water flow 
patterns and hydrodynamic pressure underneath and around the tire. The entire tire 
structure should be modeled with different material properties for different tire 
components (i.e. rim, sidewall and tread). The modeling of tire behavior can be 
calibrated through a comparison between the simulated tire footprints and 
experimental measurements under different wheel loads. 
3.1.4  Turbulence in Fluid Flow 
Previous studies (Chuai, 1998; Ranieri et al., 2012) have already shown that 
the water flow within porous layers is turbulent rather than laminar Moreover, water 
flow under tires is also found to be turbulent due to the high relative velocity and 
small flow channel dimensions (Schlichting, 1960). Various numerical formulations 
are available to date to simulate the turbulent flow and special care should be placed 
when selecting appropriate turbulence model and calibrating model parameters. 





3.1.5  Multiphase Flow 
In the moving wheel frame of reference proposed by Ong and Fwa (2007a), 
both water and air are moving towards the stationary tire. Although the uplift and 
drag forces applied on the tire tread by air are relatively small comparing to those by 
water, it is still necessary to properly capture the free surface at water-air interface 
because it provides a simple way to control the inlet water quantity during the 
simulation process. The modeling of water-air interaction could be attained using a 
multiphase flow algorithm such as the volume of fluid (VOF) method (Hirt and 
Nichols, 1981). 
3.1.6  Drainage Capacity of Porous Media 
Experimental studies have implied that the superior skid resistance on porous 
pavement may be a result of its inner drainage channels and surface macrotexture. 
These features significantly influence the under-tire drainage capacity at high speeds, 
which is essential for deterring skid resistance loss with increasing sliding speed. 
Therefore, it is important for porous pavement skid resistance models to accurately 
simulate the drainage capacity of porous surfaces. As drainage capacity depends on 
randomly distributed pores and channels within a porous layer, it is extremely 
challenging to reproduce such a pore structure in the porous pavement. As such, some 
reasonable simplifications are necessary to solve this complex problem numerically. 
Four of the problems discussed above, i.e. the tire-pavement contact, flow-
structure interaction, tire deforming behavior and turbulence flow, have already been 
addressed by Ong and Fwa (2007a) in their previous studies on skid resistance 
modeling of conventional smooth pavements. Although a different software package 
is used in their work, similar modeling methods and algorithms could be applied. The 
multiphase flow has been considered in another model proposed by Ong and Fwa 
(2006) in a numerical study on hydroplaning. That application, despite the lack of 
flow-structure interaction, provided useful insights on the modeling of multiphase 




flow in skid resistance simulations. However, the drainage capacity of porous 
pavements has never been included in their skid resistance simulations. This research 
focuses on the modeling of porous surface layers using a geometrically simple pore 
structure network which is capable to provide the same drainage capacity as in-situ 
porous pavements. Parameters such as porosity, permeability, clogging percentage 
and outflow time may be used as indicators of drainage capacity in this study. 
3.2  Numerical Representation of the Drainage Capacity of Porous Pavement 
Most of the benefits provided by a porous pavement come from the higher 
percentage of air voids within the porous mixture and the associated inner drainage 
capacity as a result of the interconnected pores. To date, studies on porous pavement 
permeability are mainly experimental in nature. There are a few research studies 
exploring the numerical simulations of water flow within the porous surface layer 
(Abustan et al., 2012; Umiliaco and Benedetto, 2012; Benedetto and Umiliaco, 2014). 
Such models are essential for numerical modeling of skid resistance on porous 
pavements. This section therefore introduces a model that can reproduce the drainage 
capacity of in-situ porous pavements. Noting that it is almost impossible to rebuild 
the actual pore structure of a porous surface layer in a full-scale skid resistance model, 
a grid pore network is proposed to geometrically simplify the drainage channels in the 
porous layer. Through a simulation of outflow tests, dimensions of the pore network 
are determined by an iterative process. This porous pavement model is then validated 
against past experimental results. It can be applied in the numerical simulations of 
porous pavement skid resistance. 
3.2.1  Concepts of Permeability and Hydraulic Conductivity 
Permeability, commonly symbolized as κ, is a measure of the ability of a 
porous media to allow fluids to pass through it. Hydraulic conductivity, symbolically 
represented as k, is a property of porous material that describes the ease with which 





fluids can move through its pore spaces. The hydraulic conductivity depends on the 
intrinsic permeability of a porous media and its degree of saturation. The relationship 






         (3.1) 
where μ is the fluid dynamic viscosity, ρ is the fluid density, and g is the acceleration 
due to gravity. Hydraulic conductivity is also known as the permeability coefficient. 
In practice, it is more convenient to measure the hydraulic conductivity through a 
constant-head or falling-head outflow test before converting the result to permeability. 
Darcy’s law indicates that the instantaneous discharge rate through a porous 
medium is proportional to the viscosity of the fluid and the pressure drop over a given 
distance. Three-dimensional hydraulic conductivity for Darcy flow could be derived 
from the steady-state continuity equation (Charbeneau et al., 2011). For an isotropic 
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and the boundary conditions are expressed as: 
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where Rs is the radius of standpipe, h is the hydraulic head, Rc is the radius of porous 
specimen and bc is the specimen thickness. r and z are the coordinates in radial and 
vertical directions respectively.  
Assuming that Rc and bc are infinite, the solution of the above equations is 




given by Carslaw & Jaeger (1959) as: 
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where k is the isotropic hydraulic conductivity of the porous material. The effect of 
finite specimen dimensions is addressed approximately by a shape factor F, which is 
a function of specimen size and standpipe radius, and is independent of the standpipe 










        (3.9) 
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The inertial effects caused by head gradients usually result in non-Darcy flow 
in permeability tests. To take account of the nonlinear effect, a heuristic correlation 
can be made and the following relationship is proposed (Chuai, 1998): 
npvi                    (3.11) 
Where i is hydraulic gradient, v is head falling velocity, n is an index determined 
from the experiments and can vary from 1 to 2. An n value of 1 indicates fully 
laminar flow, while a value of 2 represents fully turbulent flow. p is an empirical 
parameter. After rearranging Equation (3.11), a modified equation is obtained as: 

m
v ki                    (3.12) 
where k is the pseudo hydraulic conductivity and m is the flow condition index (m = 1 
indicates a fully laminar flow and m = 0.5 represents a fully turbulent flow). Applying 
the natural logarithmic to Equation (3.12), we get 
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For a falling-head outflow test, the variation of standpipe head with time (t) 
can be approximated with a cubic function: 
2 3
0 1 2 3
h a a t a t a t                     (3.14) 
The average velocity of falling hydraulic head is computed by differentiating 
Equation (3.14) with respect to time: 
2
1 2 3
   
dh
v a a t a t
dt
                 (3.15) 
Noting that i = h/l (where h is the hydraulic head measured from the bottom of the 
porous sample and l is the thickness of the sample), the values of v and i can be 
derived from test data at different times t . Permeability k can then be obtained 
through linear regression, using Equation (3.13). For a constant-head test, the flow 
rate Q is measured at different hydraulic gradients i, and the corresponding head-
falling velocities v can be easily derived from the flow rate and outflow meter 
dimension.  
3.2.2  Modeling the Drainage Capacity of Porous Pavement 
Although the permeability of a porous surface layer is closely related to its 
porosity, using porosity alone to predict porous pavement permeability is inadequate 
and perhaps misleading (Chuai, 1998; Liu and Cao, 2009; Kuang et al., 2011) due to 
the following reasons: (a) the nominal air void content includes closed pores which 
contribute little to drainage capacity; (b) pore clogging affects the drainage capacity 
significantly, and is difficult to be quantified by existing porosity measuring methods; 
(c) the size of each single pore and the tortuosity of capillaries also have an influence 
on drainage capacity. Therefore, besides porosity, other drainage-related parameters, 
such as outflow time, clogging percentage and pore dimension, have to be considered. 
This work attempts to develop a pore network model that is computationally 
efficient for drainage capacity and skid resistance modeling applications. The model 




geometry (see Figure 3.2) has straight channels in all the longitudinal, transverse and 
vertical directions with a cubic pore element spatially repeated in the three directions. 
Two variables are required to specify this structure, namely the edge length of each 
drainage channel as denoted by x, and the distance between centers of two successive 
parallel channels (i.e. the edge length of a cubic pore element) as denoted by y. The 
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A family of infinite pairs of x  and y  is available to provide the same ratio, 
and it cannot guarantee the desired drainage capacity. Therefore, an iterative process 
has been developed to determine the parameters of this grid pore network structure 
(i.e. x and y). The computational framework is shown in Figure 3.3. A minimum 
feasible x value is predetermined based on the computational capacity of the 
computers so that the pores are not too small as it may result in the problem size 
being overly large. A maximum clogging percentage is preset based on engineering 
experience. This is the clogging level at which a porous surface basically loses its 
inner drainage capacity. The convergence criterion is a sufficiently small residual 
between the numerical and experimental results, typically set at 5%. As an 
initialization step, a nominal porosity ϕ0 can be obtained from design mixtures or 
pavement cores and the initial clogging percentage is set as 0%. With the ratio c (= 
x/y) calculated from the nominal porosity, the initial x and y values can be determined 
using the findings from previous studies [e.g. Acharya et al. (2004) or Xu & Yu 
(2008)]. 
A numerical simulation of constant-head or falling-head outflow tests can be 
performed on the proposed porous pavement model. Figure 3.4 illustrates an example 
of such model which simulates a cylinder filled with water flowing through a porous 
specimen. Simulation conditions, including temperature, initial hydraulic head and 





pavement condition are specified based on the actual test conditions. A quarter model 
is adequate since the model is essentially symmetric in both x and y directions. 
Closed pores and clogging of capillaries can significantly reduce the effective 
porosity of a porous pavement layer. Fwa et al. (1999) and Mallick et al. (2000) have 
indicated that clogging in porous pavement can reduce its permeability. Therefore, 
the proposed model should also consider the presence of closed pores and the effect 
of clogging. For this purpose, the iteration algorithm in Figure 3.3 chooses a clogging 
percentage (i.e. λ) of the drainage channels to be blocked. This percentage should be 
adjusted after each run to ensure convergence. The presented iterative process can 
provide the dimension of pore size (x and y), the effective porosity (ϕeff) and the 
clogging percentage (λ) as the key outputs. 
3.2.3  Validation of the Drainage Capacity Model 
The proposed pore network structure model is next validated against past 
experimental measurements made available in literature. These experiments include 
the constant-head outflow tests conducted by Charbeneau et al. (2011) and Chuai 
(1998), measuring the hydraulic conductivity of porous asphalt specimens. Table 3.1 
compares the experiment data obtained by Charbeneau et al. (2011) and the 
simulation results from the developed pore network structure model. All the errors of 
flow rate are less than 2 ml/s and all the percentage errors are within 12%. Figure 3.5 
further compares the goodness of fit for the data presented in Table 3.1 and good 
agreement between simulation and experiment results can be observed. Similar 
observations can be made for the other model validation case presented in Table 3.2 
and Figure 3.6. The good agreement between simulation and experimental results 
illustrates the capability of the proposed model in simulating the drainage capacity of 
porous pavements. This model is next integrated into the numerical skid resistance 
simulation model to predict the frictional performance of porous pavements. 




3.3  Development of Skid Resistance Simulation Model for Porous Pavement 
Porous pavement skid resistance model is developed based on the numerical 
representation of porous layer drainage capacity. The proposed model attempts to 
simulate the phenomenon of a lock-wheel smooth tire skidding on a flooded porous 
pavement under a set of pre-specified conditions (such as sliding speed, water film 
thickness, pavement drainage capacity, wheel load and tire inflation pressure). Fluid-
structure interaction and multiphase flow method are adopted to provide a more 
realistic depiction of the field condition. 
3.3.1  Model Framework and Basic Elements 
The moving wheel frame of reference (Ong and Fwa, 2007a) is adopted in 
this model, in which pavement and fluid move relatively towards stationary tire, (see 
Figure 3.7). The overall simulation model consists of two computational processes, 
namely the structure model (tire and pavement) and the fluid model (water and air). 
These two processes are coupled with each other and the overall workflow is shown 
in Figure 3.8. The model illustrated in this thesis is built and calibrated in ANSYS 
Workbench (ANSYS, 2009a), with ANSYS Static Structure (ANSYS, 2009b) for the 
structure model and ANSYS CFX (ANSYS, 2009c) for the fluid model. 
The principle of the whole model is to solve the fluid model and the structure 
model iteratively, using a fluid-structure interaction (FSI) interface connecting them. 
Through this interface, the stresses developed on fluid boundaries can be transferred 
to the structure model, and the deformation of structure surface can be transferred to 
the fluid model. The fluid model provides a solution of fluid stresses acting on the 
FSI interface after one computation. This stress solution, although may have large 
errors, is transferred to the structure model by the FSI algorithm and then treated as a 
pressure load applied on tire tread surface. The tire deformation is then computed by 
the structure model with all the preset input properties as well as the fluid pressure 
acting on its FSI surface. This deformation is transferred back to the fluid FSI surface 





by the FSI algorithm and causes deformation on the boundaries of fluid model. With 
the new geometry, the fluid model calculates a new set of stress solution which will 
be transferred to the structure model again. The iterative process carries on until the 
convergence criteria of sufficiently small stress and deformation residuals are reached. 
The overall skid resistance simulation model consists of three basic elements: 
pneumatic tire sub-model, porous pavement sub-model and fluid sub-model. The sub-
models interact with each other either through a fluid-structure-interaction or a tire-
pavement contact. Given detailed information on tire, pavement and fluid properties, 
key information on contact and traction forces acting on the tire as well as fluid uplift 
and drag forces can be computed from the model simulations.  Table 3.3 shows the 
major input and output variables of the proposed model. 
3.3.2  Tire Sub-Model 
As shown in Figure 3.7, the tire sub-model is built according to ASTM E524 
standard smooth tire (ASTM, 2008b). Three structural components, namely tire rim, 
tire sidewalls and tire tread are being individually modelled within the tire sub-model. 
The tire is in contact with pavement surface under a downwards wheel load acting on 
tire rim and a uniformly distributed inflation pressure on the inside tire walls. All the 
degrees of freedom of tire rim are fixed except for vertical translational displacement, 
which is set to be free moving. The three structural components are modelled using 
the four-node finite strain shell elements, with homogeneous isotropic elastic material 
properties. The application of shell elements in tire friction modeling has been proved 
to be successful (Ong and Fwa, 2007b; Tanner, 1996), since such element is well 
suited for large strain nonlinear simulation (ANSYS, 2009d). 
The simplified material properties for each tire component are assumed to 
be homogeneous isotropic elastic, which can be represented by three parameters: 
elastic modulus, Poisson's ratio and density. It was indicated by Ong and Fwa (2007a) 
that the elastic modulus of tire tread needs a careful calibration to make the tire sub-




model adequate for skid resistance simulation. This calibration is conducted using the 
measured tire footprint dimensions published by PIARC (1995). The other material 
properties are set constant in the model calibration, according to the normal ranges of 
rubber tire properties (see Table 3.4). It is observed that mesh dimension affects the 
calibration of material properties. Therefore, material calibration should be performed 
in conjunction with the mesh convergence study. This means first calibrating material 
properties with a fixed mesh design to get a value of tire tread elastic modulus and 
then conducting a mesh convergence study with this elastic modulus to achieve a new 
convergent mesh design, which is then used in the next iteration of material property 
calibration. The results of the last round of material calibration and mesh convergence 
study are shown in Figure 3.9. It turns out that a model with 27900 elements and a 
tread elastic modulus of 90 MPa is sufficient with an error of 1.02% in footprint area. 
3.3.3  Pavement Sub-Model 
The pavement sub-model serves two major functions. Firstly, it provides a 
rigid surface for tire-pavement contact. In this case, the pavement surface can be 
assumed to be perfectly rigid and smooth for interaction between the tire and 
pavement sub-models. Secondly, the pavement sub-model should allow the fluid flow 
modeling on and within porous pavement layer. In this sense, it is necessary to model 
the effect of pore structure on drainage capacity of the porous layer in this sub-model. 
An impermeable surface is adequate for the contact modeling applications. 
Comparing with the tire deformation, the pavement surface deflection is so small that 
pavement can be taken to be relatively rigid. Therefore, the pavement material is 
assumed to have an elastic modulus of 30 GPa, a Poisson's ratio of 0.15, and a density 
of 2200 kg/m
3
. The top surface of pavement model is set as a contact interface and 
the bottom surface is fixed in both translation and rotation. Eight-node structural solid 
element is used to model pavement in the structure model.  





The drainage capacity of porous pavement is considered and simulated in the 
fluid model. The simplified pore network structure discussed in Section 3.2 is used 
for this purpose. The pore structure diameters are calibrated against in-field outflow 
measurement conducted on the same porous pavement section, as the skid resistance 
is tested, following the iterative process presented in Figure 3.3. The resulted pore 
network geometry provides the boundaries of water flow channels in the fluid sub-
model. 
3.3.4  Fluid Sub-Model 
Fluid behaviour is modelled through the Navier-Stokes equations in the fluid 
sub-model. It adopts the multiphase flow formulation where both water and air are 
considered. Since the fluid flow around a sliding tire and within the porous pavement 
layer is known to be turbulent, a proper turbulence model is needed to simulate the 
fluid turbulence. These techniques provide a closer depiction of the actual tire-fluid-
pavement interactions. 
3.3.4.1  Multiphase Flow Model 
The primary purpose of modeling multiphase flow in this work is to capture 
the free surface of water. Free surface flow is one of the most common applications 
of the homogeneous multiphase flow, which is a limiting case of Eulerian-Eulerian 
multiphase flow where all fluids share the same flow field as well as other relevant 
fields, such as temperature and turbulence (ANSYS, 2009e). For a given transport 
process, the same transported quantities (with exception of volume fraction) for all 
phases are assumed in a homogeneous model, i.e., 
           pN1                (3.17) 
where ϕ is a general variable, Np is the number of phases. The bulk transport equation 
is sufficient to solve for the shared fields: 































            (3.19) 
The hydrodynamic equations for homogeneous multiphase flow are derived 
based on the basic equations of computational fluid dynamics (CFD), taking the same 
velocity field and pressure field into consideration, i.e. 
 UU  ,        pp          pN1              (3.20) 
Continuity equations: 








                (3.21) 
where rα is the volume fraction of phase α, SMSα is the user specified mass sources of 
phase α, and Γαβ is the mass flow rate per unit volume from phase β to phase α. 
Momentum equation: 







             (3.22) 
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                   (3.24) 
Continuum Surface Force model (Brackbill et al., 1992) is adopted to model 
the surface tension. A volume force concentrated at the interface is given by: 
 fF                    (3.25) 
where α indicates a primary fluid (the liquid phase) , β indicates a secondary fluid 
(usually a gas phase), and 





  snf                  (3.26) 
 r                   (3.27) 
 n                   (3.28) 
where ζ is the surface tension coefficient, nαβ is the interface normal vector pointing 
from the primary fluid to the secondary fluid,  s  is the gradient operator on the 
interface, and καβ is the surface curvature.  
3.3.4.2  Turbulence Model 
The length scale of eddies in turbulent flow may be much smaller than the 
smallest finite volume mesh dimension. Direct numerical simulation of turbulent flow 
by the Navier-Stokes equations is impracticable at present due to limitations in 
computational power. Therefore, an appropriate turbulence model is essential for 
turbulent flow simulation. It was indicated that the k-ε model (a two-equation eddy 
viscosity turbulence model) can be used to model the flow under a loaded skidding 
tire (Ong and Fwa, 2006). The variables and constants of the k-ε model for 
multiphase flow should be phase-dependent and eddy viscosity hypothesis is assumed 
to hold for each fluid phase. However, the bulk turbulence equations solved in the 
homogeneous multiphase flow have the same expressions as those in the single phase 
case, with the exception of mixture density and mixture viscosity. The continuity and 
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        

           (3.30) 
where SM is the sum of body forces, p is the modified pressure which is equal to 
2 2
3 3
   
eff
p k U , and μeff is the effective viscosity (μeff = μ + μt).  
The turbulence viscosity μt is calculated by: 











C                   (3.31) 
where k is the turbulence kinetic energy, ε is the turbulence eddy dissipation and Cμ is 
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             (3.33) 
where Cε1, Cε2, ζk and ζε are model constants, which are set to be 1.44, 1.92, 1.0 and 
1.3, respectively, in the skid resistance model, Pk is the turbulence production due to 
viscous and buoyancy forces, which is formulated by: 
    kbtTtk PkUUUUUP   3
3
2
             (3.34) 
where Pkb is the buoyancy production term, which is included in the equation only if 
buoyancy turbulence is considered. 
3.3.4.3  Material Properties and Boundary Conditions 
Water and air are simulated as continuous fluids in the fluid model. Their 
material properties at 25°C and 1 atm are used in the simulations. The density and 




 kg/ms, respectively, 




 kg/ms. The four-node tetrahedral 
elements, which is widely used in the modeling of flow with high Reynolds' number, 
are adopted in this study. Because water plays a dominant role in skid resistance 
compared to air and air flow characteristics are beyond the interest of this part of the 
study, the mesh design for water is made much denser than that for air. A mesh 
convergence study was performed and satisfactory results have been found to be 
provided by a fluid sub-model with around 3,200,000 elements (see Figure 3.10). 
The boundary conditions of fluid sub-model are presented in Figure 3.11. A 
specified percentage of uniformly distributed channel outlet ends are set to be wall 





boundaries to model the clogging effect in porous layer, as discussed in Section 3.2.2. 
The inlet water depth and volume fractions are specified as input parameters using the 
CFX Expression Language (ANSYS, 2009f). 
3.3.5  Tire-Pavement Contact Algorithm 
As a part of tire-pavement-fluid interaction, contact analysis between tire 
tread and pavement surface is critical to the entire model. A contact pair is defined, 
with tire tread as contact surface, modelled by 3-D 8-node surface-to-surface contact 
elements, and pavement top surface as target surface, modeled by 3-D target elements. 
These elements are commonly applied in general 3-D contact analyses between solid 
bodies or shells. The contact detection points are the integration points located either 
at the nodal points or the Gauss points, and a pinball region is used to search for 
contact (ANSYS, 2009d). The reaction force on target surface is calculated from the 
summation of all nodal forces of associated contact elements. 
The friction at contact interface is considered by the Coulomb's Law. The 
state of sticking/sliding is identified by the relative magnitude of equivalent shear 














                                                                    (3.35) 
where lim is the limit frictional stress, and   is the equivalent shear stress. 




1                      (3.37) 
where μf is the coefficient of isotropic friction, P is the contact normal pressure and b 
is the contact cohesion. A maximum equivalent frictional stress max  can be defined 
for the contact element to perform the function of limit frictional stress lim . 




The augmented Lagrangian algorithm is used in nonlinear contact analysis. It 
searches for the Lagrange multiplier for each element by iteratively updating penalty. 














































               (3.39) 
where ε is the compatibility tolerance and λi is the Lagrange multiplier component at 
iteration i. 
3.3.6  Fluid-Structure Interaction Algorithm 
The interaction between tire tread and water flow significantly affect the tire 
wall deformations with changes in skidding speed or water film thickness, which in 
turn determines the variations in tire-pavement contact and fluid uplift force. This 
important feature has to be taken into consideration in the skid resistance modeling 
through a special numerical treatment known as "two-way fluid-structure coupling", 
which requires mathematical coupling of the fundamental equations from each field. 
There are two categories of coupling algorithms, namely strong coupling and 
loose coupling, respectively. In the strong coupling approach, the CFD equations 
describing fluid behavior and the mechanics equations describing structure behavior 
are treated as a coupled system of equations that are solved simultaneously. In the 
loose coupling approach, the CFD and mechanics equations are solved independently 
of each other in an iterative process. The proposed model employs the loose coupling 
approach, because it requires relatively less computational resources and is able to 
achieve comparable accuracy to the strong coupling approach. 
The kinematic condition (i.e. displacement compatibility) and the dynamic 
condition (i.e. traction equilibrium) are the fundamental requirements applied onto 
the fluid-structure interface in the coupling analysis. 





f sd d                   (3.40) 
f sn n                      (3.41) 
where df and ds are the displacements at the fluid-structure interface for fluid sub-
model and structure sub-model, respectively, and ηf and ηs are the stresses at that 
interface for the two sub-models, respectively. The residuals in stresses (from fluid 
sub-model) and displacements (from structure sub-model) computed from the two 



























                  (3.43) 
where εη and εd are the tolerances for stress and displacement convergence, and ε0 is a 
preset constant for the purpose of overriding the stress and displacement in case they 
are too small to monitor convergence. The stress and displacement tolerances are both 
set to be 0.1% and ε0 takes the value of 10
-8
 in this study. 
3.4  Validation of Skid Resistance Simulation Model 
 The proposed skid resistance simulation model is next validated against 
published experimental results for both conventional dense-graded pavements and 
porous pavements. Although previous models developed for dense-graded pavements 
have been validated in past research studies (Ong and Fwa, 2006; Ong and Fwa, 
2008), neither of them involves coupled VOF-FSI simulation. Therefore, it is 
necessary to validate the proposed model for dense-graded pavements first to ensure 
its capability in simulating skid resistance on conventional surfaces. The model is 
then validated for porous pavements using past experiments. 




3.4.1  Derivation of Skid Number from Numerical Simulation Model 
The skid number at speed v (denoted as SNv), based on the lock-wheel skid 
resistance test (ASTM, 2011a), can be determined from the simulation. Skid number 
is defined as the ratio between horizontal resistance force and vertical loading force 
acting on the same test tire, normalized by a scale of 100. A higher skid number 
indicates a better skid resistance performance. Skid number can be calculated as: 
100)(  zxv FFSN                  (3.44) 
where Fx is the horizontal backwards resistance force acting on tire model, and Fz is 
the vertical downwards load applied on the tire. Both these two variables could be 
obtained from the numerical simulation model. Horizontal resistance force Fx and 
vertical load Fz are further explained by: 
dragtractionx FFF                   (3.45) 
upliftcontactz FFF                   (3.46) 
where Ftraction is the traction force developing at tire-pavement interface, Fdrag is the 
fluid drag force developing at tire-fluid interface, Fcontact is the contact force between 
tire and pavement surface, and Fuplift is the fluid uplift force acting on tire surface. In 
these variables, Fdrag and Fuplift are direct outputs from the fluid model, Fz is an input 
parameter, and Ftraction is derived from Fcontact: 
 
upliftzcontacttraction FFFF                  (3.47) 
where μ is the coefficient of friction between tire tread and pavement surface at wet 
condition. It is usually determined through experiments in laboratory or field, and 
varies with the surface properties of contact materials. Combining Equations (3.44) to 
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The friction coefficient μ is commonly represented by the skid number at an 
extremely low speed SN0, and it is assumed that the wet friction coefficient maintains 





constant with the increase of speed. In the case that experimental SN0 values are 
unavailable, an iterative back calculation approach developed by Fwa and Ong (2006) 
can be used to derive the friction coefficients from field skid resistance tests, using 
the simulation model. The detailed procedures are shown in Figure 3.12 and 
described below. 
Step 1: For each set of experimental results with the same pavement and tire, 
a measurement of skid resistance at a speed v  is randomly selected. The measured 
skid number is SNv; 
Step 2: Assume a reasonable initial SN0 value (normally 50) as the friction 
coefficient used in the proposed model and run the model at sliding speed v  to derive 
a numerical skid number SNv* from the model outputs; 
Step 3: Adjust the value of SN0 based on the difference between numerical 
SNv* and measured SNv, according to the equation (new trial SN0) = (last trial SN0) + 
0.5(SNv* - SNv); 
Step 4: Perform the simulation again using the new trial SN0 as the friction 
coefficient to get a new numerical skid number SNv*; 
Step 5: Repeat steps 3 and 4 until the error between numerical and measured 
results (i.e. ε = SNv* - SNv) is sufficiently small; and 
Step 6: The resulted SN0 value is taken as the wet friction coefficient at tire-
pavement interface and all the skid numbers at other sliding speeds are predicted by 
the proposed model with the back-calculated SN0. 
3.4.2  Validation of the Model for Conventional Pavement 
Numerous experimental studies were performaed on wet-pavement skid 
resistance using in-field measurements under different operation conditions defined 
by various parameters, such as sliding speed, water film thickness and wheel load. 
Many of such studies were conducted according to the ASTM E274 standard (ASTM, 
2011a) with standard smooth tires as specified in the ASTM E524 standard (ASTM, 




2008b). The experiments conducted by Horne (1969) and Agrawal and Henry (1977) 
were used to validate the proposed model on conventional dense-graded pavements. 
The experimental data are shown in Table 3.5. 
The numerically simulated results of skid resistance experiments conducted 
by Horne (1969) and Agrawal and Henry (1977) are presented in Table 3.6. Further 
comparisons on simulated curves against measured values are shown in Figure 3.13. 
As indicated by the ASTM E274 standard, the acceptable standard deviation of this 
test is ±2 SN units. Therefore, the 95% confidence interval of this test has a range of 
±3.92 SN units. As seen in Table 3.6, only one simulation got a result out of this 
range (with an error of +4.8 SN units from the measured value), and all the 
percentage errors are below 12% except this case. It is seen that most high percentage 
errors correspond to lower skid numbers. 
3.4.3  Validation of the Model for Porous Pavement 
Although the amount of skid resistance tests on porous pavements is not as 
extensive as that on conventional pavements, there are still some measured 
experimental results that can be used to validate the proposed model on porous 
pavements. In an experimental study conducted by the Oregon Department of 
Transportation and Oregon State University in the early 1990s, skid resistance 
performances of several porous asphalt pavement sections were evaluated using the 
lock-wheel trailer test (Younger et al., 1994). Different road sections were selected to 
provide a mix of traffic conditions and pavement ages. All the tested sections were 
constructed with the same porous asphalt mixture named ODOT F-mix, but the 
porosities of different sections differed a lot due to the different service and traffic 
histories. Variations in porous layer thickness were also available among these 
projects. The same water application mechanism was adopted in all the tests, 
providing a water film thickness of 0.55 mm (ASTM, 2011a). 





The porosities of selected porous pavement sections were measured using 
core samples (inner and outer wheel paths) in the laboratory, while the permeability 
was measured in the field using a specially designed falling-head outflow device. The 
skid numbers of each section at different skidding speeds were measured according to 
the ASTM E274 standard (ASTM, 2011a). The pavement properties and skid 
resistance performance of each tested section are listed in Table 3.7.  
The proposed model is next validated against this experimental study by 
Younger et al. (1994). The average measured porosity and permeability values are 
input to the model to predict the skid numbers. There is no permeability measurement 
available for the Jumpoff Joe section in the experiment report. However, its porosity 
is very similar to that of the Grants Pass section and the locations of these two 
sections are quite near to each other. Therefore it is reasonable to assume the same 
permeability range as Grants Pass for Jumpoff Joe. Numerical results derived from 
the proposed model are shown in Table 3.8 and Figure 3.14. 
It can be seen from Table 3.8 that most numerical prediction errors are less 
than 2 SN units and all the percentage errors are less than 8%. This indicates that the 
proposed model can simulate skid resistance on porous and non-porous pavements. 
However, the simulation results of Jumpoff Joe seems to be less satisfactory, with 
two errors near 3 SN units. This may be a result of the incomplete information for 
Jumpoff Joe in the experimental measurements, demonstrating the importance of 
proper permeability evaluation for an accurate skid resistance prediction. 
Besides the estimation of the average performance trends, the range bounds 
for skid numbers of Murphy Road-Lava Butte and Hayesville-Battle Creek are 
predicted based on the extreme porosity and permeability values. The skid numbers at 
a zero speed, SN0, used in the prediction of skid resistance range are back calculated 
from the average curves shown in Figure 3.14. The range of SN0 thus reflects the 
prediction error of SN0 due to the measurement errors in lock-wheel skidding tests, 
while the difference in curve shapes reflects the different decreasing trends of skid 




number with increasing skidding speed due to the errors or variances in porosity and 
permeability measurements. Therefore, this approach considers both experimental 
errors and pavement property inconsistency. Figure 3.15 shows the simulation results. 
This approach is not applied to Grants Pass and Jumpoff Joe because of their narrow 
porosity range (i.e. 1.1% porosity variation). 
From Figure 3.15, all the measured data points fall into the predicted SN 
ranges, demonstrating the capacity of the model to predict a range of skid resistance 
performance that vehicles may experience on the road. The prediction range depends 
on the quality of input data, as well as the sliding speed as seen in Figure 3.15 where 
prediction ranges are larger at higher speeds. The decrease in skid number with 
sliding speed is steeper on a surface with lower porosity compared to that on a surface 
with higher porosity. Therefore, the decreasing rate of the upper bound, which is 
derived from the maximum porosity, is less than that of the lower bound, which is 
derived from the minimum porosity. The practical meaning of this phenomenon is 
that the actual skid resistance a vehicle experiences on a porous pavement may not be 
identical spatially, especially at high speed, because of the porosity/permeability 
variation. 
3.5  Summary 
A numerical simulation model of skid resistance on porous pavements was 
developed and validated in this chapter. The proposed model considers all the critical 
issues associated with porous pavement skid resistance modeling, including frictional 
contact between tire tread and pavement surface, fluid-structure interaction at tire-
water interface, tire mechanical properties and its deforming behaviour, turbulent and 
multiphase free-surface flow, and most importantly, the drainage property of porous 
pavements. 
After discussing the critical issues that should be addressed in the simulation 
model, the appropriate modeling of porous pavement drainage capacity was identified 





as a major task in the development of porous pavement skid resistance model. A 
phenomenology approach to numerically reproduce the drainage capacity of a porous 
pavement was first proposed in this chapter. The pore structure geometry of porous 
surface was modeled by a simplified grid network that provides the same drainage 
capacity as porous pavements observed in the field. The dimensional parameters of 
this geometry (i.e. pore size and pore spacing) should be calibrated using the 
measured results from falling-head or constant-head outflow tests. An iterative 
procedure based on numerical simulation of outflow test was developed for this 
purpose, taking porous layer porosity, permeability and clogging potential into 
consideration. This drainage capacity representation approach can significantly 
simplify the model and make the problem numerically feasible. 
The proposed porous pavement drainage model was next integrated with the 
skid resistance simulation model which simulates the lock-wheel trailer skidding test 
specified by the ASTM E274 standard (ASTM, 2011a). The standard smooth tire 
(ASTM, 2008b) was modelled by shell elements and elastic material properties and 
the model was calibrated against tire footprints measured from experiments. The k-ε 
model and VOF method were adopted to simulate turbulence and multiphase flow, 
respectively. Standard properties of water and air at test conditions are used in the 
fluid model. The porous pavement was modelled as a rigid surface in the analysis of 
tire-pavement interaction and its drainage capacity was simulated in the fluid model 
using the simplified pore network geometry. The two-way structure-fluid interaction 
algorithm connected the two major components of this skid resistance model, namely 
structural model and fluid model. The stresses and deformations at the FSI interface 
were transferred iteratively between these two components until the convergence was 
reached and the fluid forces were obtained. 
The entire skid resistance model was next validated against published in-field 
measurements for both dense-graded surfaces and porous pavements. The simulated 
results on conventional smooth pavements were compared to the tests conducted by 




Horne (1969) and Agrawal and Henry (1977), while the numerical results on porous 
pavements were compared to the measurement performed by Younger et al. (1994). 
The numerical simulations were found to agree well with experimental measurements. 
The percentage errors of simulations on porous pavements were found less than 8%. 
To further demonstrate the validity of porous pavement skid resistance model, the 
bounds of skid number were deduced from the simulation and compared against two 
sets of experimental data. All the measured data points fall into the predicted ranges. 
The validation work illustrated the ability of the proposed model in predicting the 
skid resistance performance of porous pavements. The model can be used to analyze 
the mechanisms and influencing factors in the skid resistance enhancement on porous 
pavements. It should be able to provide valuable and useful information that is 
difficult to obtain in experiments. 










Flow rate (mL/s) 
Error 
Percentage 
error Measured value from 
experiment 
Numerical result from 
simulation model 
0.05 1.5 1.503 0.003 0.22% 
0.60 5.5 6.156 0.656 11.93% 
1.10 8.0 8.474 0.474 5.93% 
1.50 9.0 9.974 0.974 10.83% 
2.30 12.0 12.441 0.441 3.68% 
4.10 16.0 17.570 1.570 9.81% 
5.00 18.0 19.454 1.454 8.08% 
5.80 20.0 20.978 0.978 4.89% 
7.30 23.0 23.579 0.579 2.52% 
8.20 24.5 25.008 0.508 2.07% 
9.10 26.0 26.364 0.364 1.40% 
10.00 28.0 27.653 -0.347 -1.24% 
11.00 29.5 29.152 -0.348 -1.18% 
12.30 31.5 30.704 -0.796 -2.53% 
13.30 33.0 31.944 -1.056 -3.20% 
14.80 35.0 33.719 -1.281 -3.66% 









Specific velocity (mm/s) 
Error 
Percentage 
error Measured value from 
experiment 
Numerical result from 
simulation model 
6.04 47.57 41.91 -5.66 -11.90% 
5.40 43.12 39.11 -4.01 -9.30% 
5.31 38.71 38.70 -0.01 -0.02% 
4.67 35.12 35.67 0.55 1.56% 
3.35 30.62 28.43 -2.19 -7.14% 
2.97 27.00 25.99 -1.01 -3.73% 
2.39 23.90 21.76 -2.14 -8.95% 
 




Table 3.3: Input and output parameters of skid resistance simulation model 
 
Input parameters Direct outputs Derived outputs 
 Tire geometry and 
dimensions 
 Tire wall material properties 
(elastic modulus, Poisson's 
ratio and density for each tire 
components) 
 Tire inflation pressure 
 Wheel load 
 Sliding speed 
 Pavement material properties 
(elastic modulus, Poisson's 
ratio and density) 
 Water properties (density 
and dynamic viscosity) 
 Air properties (density and 
dynamic viscosity) 
 Friction coefficient at wetted 
tire-pavement interface 
 Fluid uplift force 
 Fluid drag force 
 Tire deformation 
 Tire-pavement 
contact area 
 Fluid stress 
distribution 




 Traction force 
 Skid number at 
given speed 
 Force contribution 
in skid resistance 

















Tire rim 100,000 0.30 2700 
Tire sidewall 20 0.45 1200 
Tire tread 90* 0.45 1200 
             note: * means the value comes from model calibration 
























Horne Concrete 165.5 4800 5.08-10.12 8 60 
(1969)    (7.62 in the model) 16 55 
     32 45 
     48 35 
     64 20 
     80 15 
       
 Asphalt 165.5 4800 5.08-10.12 48 45 
    (7.62 in the model) 64 30 
     80 10 
       
Agrawal and  Concrete 165.5 2891 1.27 48 30 
Henry     64 20 
(1977)     72 15 

















Horne 8 60 59.2 -0.8 -1.33 
(1969) 16 55 56.1 1.1 2.00 
 32 45 46.7 1.7 3.78 
 48 35 34.2 -0.8 -2.29 
 64 20 20.8 0.8 4.00 
 80 15 10.2 -4.8 -32.00 
      
 48 45 42.8 -2.2 -4.89 
 64 30 26.5 -3.5 -11.67 
 80 10 9.8 -0.2 -2.00 
      
Agrawal and 48 30 29.2 -0.8 -2.67 
Henry 
(1977) 
64 20 20.9 0.9 4.50 
 72 15 16.7 1.7 11.33 
 80 12 13.2 1.2 10.00 




Table 3.7: Properties and skid resistance of tested porous pavements 















Murphy 16.0 - 23.9 1.01 - 1.41 50 64 47.2 
Road-Lava    80 44.7 
Butte    88 43.6 
      
Hayesville- 14.5 - 22.6 0.76 - 1.00 50 50 45.8 
Battle Creek    66 43.1 
    80 40.6 
    88 39.3 
      
    48 45.8 
    64 43.1 
    80 40.9 
    88 39.8 
      
Grants Pass 14.4 - 15.5 0.66 - 1.26 100 50 52.6 
    66 48.9 
    80 45.6 
    88 43.6 
    100 41.9 
      
Jumpoff Joe 15.0 - 16.1 N.A. 50 50 45.1 
    64 44.0 
    80 42.5 
    97 41.2 
note: N.A. means not available 
 
 

















Murphy 64 47.2 47.7 0.5 1.06 
Road-Lava 80 44.7 44.5 -0.2 -0.45 
Butte 88 43.6 42.8 -0.8 -1.83 
      
Hayesville- 50 45.8 45.4 -0.4 -0.87 
Battle Creek 66 43.1 43.7 0.6 1.39 
 80 40.6 41.5 0.9 2.22 
 88 39.3 40.4 1.1 2.80 
      
 48 45.8 45.4 -0.4 -0.87 
 64 43.1 43.7 0.6 1.39 
 80 40.9 41.5 0.6 1.47 
 88 39.8 40.4 0.6 1.51 
      
Grants Pass 50 52.6 52.1 -0.5 -0.95 
 66 48.9 49.5 0.6 1.23 
 80 45.6 46.5 0.9 1.97 
 88 43.6 45.0 1.4 3.21 
 100 41.9 43.4 1.5 3.58 
      
Jumpoff Joe 50 45.1 48.0 2.9 6.43 
 64 44.0 44.8 0.8 1.82 
 80 42.5 42.2 -0.3 -0.71 
 97 41.2 38.3 -2.9 -7.04 












Figure 3.2: Pore network structure of porous pavement model 
 
 
(a) Geometry of pore network structure of 
porous pavement layer 
x
y
(b) Cubic pore element of 
porous pavement model 






Figure 3.3: Computation framework to determine pore structure dimensions in 
the porous pavement model 
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Adjust Clogging Percentage: 
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Figure 3.5: Comparison between numerical and experimental results for 
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Figure 3.7: Moving wheel frame of reference 
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Figure 3.9: Final stage of (a) model calibration and (b) mesh convergence study 
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Figure 3.10: Mesh convergence study for fluid sub-model 
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Figure 3.11: Boundary conditions of fluid sub-model 
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ASTM standard smooth tire 
165.5 kPa pressure, 4800 N load 
7.62 mm water depth  
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ASTM standard smooth tire 
165.5 kPa pressure, 4800 N load 
7.62 mm water depth  
Back-calculated SN0 = 75 

















(c) Concrete Pavement (Agrawal and Henry, 1977) 
ASTM standard smooth tire 
165.5 kPa pressure, 2891 N load 
1.27 mm water depth  
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ASTM standard smooth tire 
165.5 kPa pressure, 4800 N load 
15% porosity, 100 mm porous layer 
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(d) Jumpoff Joe 
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(a) Murphy Road-Lava Butte 
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CHAPTER 4  ANALYSIS OF THE INFLUENCING FACTORS ON SKID 
RESISTANCE OF POROUS PAVEMENT 
As discussed in Section 2.1.4, many operational and environmental factors 
can significantly affect the skid resistance performance of pavements. There are even 
more parameters affecting skid resistance on porous pavements. The porosity and 
thickness of porous surface layer are identified as crucial parameters in the porous 
pavement design. Rainfall intensity is a critical environmental factor and sliding 
speed is an important parameter in vehicle operation. The influence of these factors 
on skid resistance performance of porous pavements are analyzed quantitatively in 
this chapter using the developed numerical simulation model presented in Chapter 3. 
An analytical approach integrating water film thickness estimation into the skid 
resistance evaluation framework is first introduced to allow an accurate prediction of 
porous pavement frictional performance under a given rainfall intensity. The overall 
effects of a porous surface layer on wet skid resistance are then analyzed for both 
porous and non-porous pavements. The effect of each factor influencing skid 
resistance is next studied to understand the mechanisms of skid resistance 
enhancement on porous pavements. 
4.1  Consideration of Water Film Thickness in the Analysis Framework 
Because rainfall results in a layer of water on pavement surfaces and skid 
resistance is heavily dependent on the water film thickness on pavement surfaces 
(Rose and Gallaway, 1977), it is essential for the analysis framework to first compute 
the thickness of water film accumulated on porous and non-porous surfaces before 
the determination of wet-pavement skid number. Taking this concern into 
consideration, an analysis framework to determine the skid resistance on a flooded 
pavement is developed and shown in Figure 4.1. The proposed framework consists of 
two modules: (a) water film thickness computation module; and (b) numerical skid 
resistance simulation model. The intermediate solution derived from the first module 





is the water film thickness accumulated on the pavement surface. It serves as one of 
the input parameters required by the skid resistance simulation model where the skid 
number under a given set of operational and environmental conditions is determined. 
4.1.1  Water Film Thickness Computation Module 
Various methods have been proposed in the literature to analyze the drainage 
characteristics of porous pavements and to compute the water film thicknesses on 
porous and non-porous pavements (Anderson et al., 1998; Charbeneau and Barrett, 
2008; Ranieri et al., 2010; Ranieri et al., 2012). Whilst any of these porous surface 
drainage analysis methods can be used in the analysis framework, this study adopts 
the water film thickness calculation model for porous and non-porous pavements 
developed by Anderson et al. (1998). This model computes the depth of water 










        (4.1) 
where tw is the water film thickness (mm), n is the Manning's roughness coefficient, L 
represents the length of drainage path (m), i is the rainfall intensity (mm/h), f denotes 
the infiltration rate into pavement surface (mm/h), S represents the slope of drainage 
path (m/m), α is a model constant and MTD is the mean texture depth of pavement 
surface (mm). The Manning's roughness coefficient accounts for the hydraulic effect 
of pavement surface type on the water depth, and it is surface-specific. Anderson et al. 
(1998) derived various expressions of Manning's roughness coefficients for different 
pavement surfaces.  
The infiltration rate for dense-graded pavement surface can be taken as zero 
(i.e. impermeable). For porous pavement, the infiltration rate is related to the drainage 
capacity of porous surface layer (Charbeneau and Barrett, 2008) and can be roughly 
estimated by: 







          (4.2) 
where k is the hydraulic conductivity of the porous surface layer (mm/h) and h is the 
thickness of the porous surface layer (m). 
Equations (4.1) and (4.2) have been incorporated into the PAVDRN software 
(Anderson et al., 1998). Given information on rainfall intensity, roadway geometry 
and porous pavement properties, the water film thicknesses accumulated on porous 
and non-porous pavement surfaces can be computed and used as inputs to the skid 
resistance simulation model. 
4.1.2  Numerical Skid Resistance Simulation Module 
A mechanistic evaluation of wet-pavement skid resistance on non-porous 
pavement surfaces would ideally consider the following: tire structural mechanics, 
fluid dynamics, tire-pavement contact and tire-fluid interaction; while in the modeling 
of skid resistance on porous pavements, the additional consideration of drainage 
capacity of the porous surface layer has to be made. The three-dimensional skid 
resistance simulation model developed in Chapter 3 would be used to serve this 
purpose, taking into consideration of both the tire-fluid-pavement interactions and 
water flow within the porous layer. When the model is adopted on non-porous 
pavements, the pavement sub-model is assumed to be smooth and rigid in both the 
structure and fluid models; while applied on porous pavements, the pavement sub-
model is still a smooth and rigid plate in the structure model, but is modelled by the 
proposed grid pore network structure in the fluid model. 
As described in Chapter 3, this numerical model consists of three sub-models: 
pneumatic tire sub-model, pavement sub-model and fluid sub-model, which interact 
with each other through either fluid-structure interaction or tire-pavement contact (see 
Figure 4.2). Given detailed information on tire, pavement and fluid properties, vehicle 
operating conditions, as well as the water film thickness, key information on contact 





and traction forces acting on the tire as well as fluid uplift and drag forces can be 
computed from the simulation model. The skid numbers at specific conditions are 
then derived from fluid forces and wheel load using Equation (3.48). 
4.2  Effect of Porous Surface Layer on Skid Resistance Performance 
Porous pavements have been extensively used worldwide to improve the skid 
resistance and reduce the accident occurrences in wet weather. These benefits mainly 
result from their capability to drain water off the pavement surface and hence achieve 
better frictional performance during wet weather. Most of the past research studies on 
the effectiveness of porous pavements in improving skid resistance and restraining 
hydroplaning are experimental or empirical in nature (Deuss, 1994; Huddleston et al., 
1991; Isenring et al., 1990). It is essential to mechanistically compare and analyze the 
skid resistance performances of porous and non-porous pavements under identical 
wet weather condition. This section presents a study to analyze the overall effect of a 
porous surface layer on skid resistance and interpret how porous pavements provide 
friction control during wet weather. An illustrative case study is investigated to 
quantify and compare the skid resistance performances between porous and non-
porous pavements, with considerations of the influence of pavement surface type on 
rain water accumulation. 
4.2.1  Description of Hypothetical Problem 
Numerous experimental studies in literature (Isenring et al., 1990; Kowalski 
et al., 2009; McGhee and Clark, 2010; Dell'Acqua et al., 2012; Ivan et al., 2012) have 
indicated that porous pavements tend to have better skid resistance performance 
compared to conventional dense-graded pavements. However, two critical questions 
remain unanswered from past experimental studies: (a) how does porous pavement 
improve skid resistance? and (b) what is the expected skid number increase when a 
porous layer is used? The first question is aimed at understanding the mechanisms of 




skid resistance on porous pavements and how the improvement in skid number comes 
about, while the second question aims to determine quantitatively the improvement in 
skid resistance performance brought forth when using porous pavements instead of 
non-porous pavement surfaces. 
In order to answer the above questions, the developed analysis framework in 
Section 4.1 could be applied to quantify and compare the skid resistance performance 
between porous and non-porous pavements. The following hypothetical case study is 
analyzed to illustrate the differences in skid resistance behavior on porous and non-
porous pavements:  
 Case I: A dense-graded smooth asphalt pavement on a two-way four-lane 
tangent section with a 2% cross slope and 15 m road width. The pavement surface 
course is assumed to be impermeable, with a macrotexture of 0.5 mm mean texture 
depth (MTD = 0.5 mm). The wet friction coefficient of the tire-pavement interface is 
assumed to be 0.5 (SN0 = 50, μ = 0.5). 
 Case II: A porous friction course overlaid on a dense-graded asphalt 
pavement on a two-way four-lane tangent section with a 2% cross slope and 15 m 
road width. The porous layer thickness is 50 mm with a porosity of 20%. In this study, 
a hydraulic conductivity of 5.6 mm/s at 20% porosity is assumed based on the past 
experimental studies (Chuai, 1998; Tan et al., 1999). The wet friction coefficient of 
tire-pavement interface for this case is also assumed to be 0.50 for comparison basis. 
The lock-wheel skid resistance test in accordance to the ASTM E274 method 
(ASTM, 2011a) is simulated using the proposed numerical model. The ASTM E524 
smooth tire (ASTM, 2008b) is considered to be used with a tire inflation pressure of 
165.5 kPa and a wheel load of 4800 N. Skid tests are assumed to be performed under 
different speeds (40 km/h, 60 km/h and 80 km/h) and rainfall intensities (60 mm/h, 
150 mm/h and 300 mm/h). 





4.2.2  Results and Discussions 
The numerical analysis results of water film accumulation and skid number 
prediction on porous and non-porous pavements are presented and compared in this 
section. The skid number improvement is quantified and discussed as well. The 
mechanisms of skid resistance enhancement on a porous pavement is analyzed based 
on comparisons in fluid force development, tire deformation and tire-pavement 
contact status.  
4.2.2.1  Reduction of Water Film Thickness on Porous Pavements 
A direct consequence of the porous pavement applications is the reduction in 
water accumulation on pavement surfaces during wet weather. Figure 4.3 compares 
the water film thicknesses on Case I and Case II pavements for different rainfall 
intensities, which were obtained from the PAVDRN software (Anderson et al., 1998). 
It can be seen from the figure that water film thickness increases as the rainfall 
intensity increases on both porous and non-porous pavements. More importantly, 
water film thickness is higher for impermeable surface than for porous pavement 
under the same rainfall intensity and the difference is larger at higher rainfall intensity. 
For Case II, rain water does not start to accumulate on porous pavement surface until 
the rainfall intensity is higher than a threshold level of about 30 mm/h. The reduction 
in water-film thickness on porous pavement is highly associated to its drainage 
capability and may have a significant impact on its frictional performance in wet 
weather. These computed water-film thicknesses serve as input parameters to the skid 
resistance simulation model. 
4.2.2.2  Quantifying Skid Resistance Performance 
Using the water film thicknesses presented in Figure 4.3 at a specific rainfall 
intensity, the skid numbers at different sliding speeds can be computed using the skid 
resistance simulation model developed in Chapter 3. Figure 4.4 compares the skid 




numbers on Case I and Case II pavements at different speeds and rainfall intensities. 
The following observations can be made from this figure: 
 For Case I, there is a significant decrease in skid number with an increase 
in sliding speed or an increase in rainfall intensity. At a rainfall intensity of 150 mm/h, 
the loss in skid number is as high as 57% when the sliding speed increases from 40 to 
80 km/h. At a speed of 60 km/h, the loss in skid number is as high as 19% when 
rainfall intensity increases from 60 to 300 mm/h. These findings indicate that non-
porous pavements are highly susceptible to low skid resistance at high sliding speeds 
and high rainfall intensities. 
 For Case II, the decrease in skid number with an increase in sliding speed 
or an increase in rainfall intensity is relatively small (less than 5 SN units). At a 
rainfall intensity of 150 mm/h, the loss in skid number is only 6% when the speed 
increases from 40 to 80 km/h. At a 60 km/h sliding speed, the loss in skid number is a 
mere 3% when the rainfall intensity increases from 60 to 300 mm/h. Such a small 
variation in skid number may have given researchers such as Isenring et al. (1990) 
and McDaniel et al. (2004) the impression that the skid number of porous pavements 
is “hardly speed-dependent”. 
 Case II has a consistently higher skid number than Case I for an identical 
rainfall intensity and sliding speed. The percentage increase in skid number achieved 
by applying the porous pavement technology ranges between 15% and 215% for the 
different speeds and rainfall intensities tested in this study and the difference is more 
pronounced at higher sliding speeds and higher rainfall intensities. This demonstrates 
that porous pavements can provide superior skid resistance performance in wet 
weather. 
Based on the above findings, it can be seen that Case II is better than Case I 
in providing high-speed skid resistance and hence ensuring better braking and 
directional control in wet-weather traffic operations. The benefit can reach up to more 





than 200% skid number at 80 km/h sliding speed and 300 mm/h rainfall intensity, 
according to the presented numerical computations. 
4.2.2.3  Contribution of Forces Acting on Tire to Skid Resistance  
In order to achieve a fundamental understanding on why porous pavement 
exhibits a higher skid number than non-porous pavement under the same wet-weather 
condition, there is a need to examine the major force components acting on the tire in 
the presence (or absence) of a porous surface course. Figure 4.5 compares the normal 
contact forces, the fluid uplift forces and the wheel loads acting on the tire for Cases I 
and II at different traveling conditions. It is clearly observed that the porous surface 
results in a lower fluid uplift force compared to the dense-graded pavement under the 
same condition. This may be due to the presence of additional drainage paths within 
the porous layer, reducing the hydrodynamic pressure build-up underneath the sliding 
tire. As a consequence, a higher contact reaction force is observed for Case II as 
opposed to Case I. 
Another interesting noteworthy point in Figure 4.5 is that for Case I, the fluid 
uplift force is equal to the wheel load at about 84 km/h under a rainfall intensity of 
300 mm/h. At this point, hydroplaning is said to occur and the tire is separated from 
the pavement surface by a thin film of water. This hydroplaning speed of 84 km/h 
corresponds well to that computed by the well-known NASA hydroplaning equation 
(Horne and Dreher, 1963). For Case II, however, the tire will remain in contact with 
the pavement surface for the whole practicable range of highway operation speeds. 
This indicates that adopting of porous surfaces can effectively prevent the occurrence 
of hydroplaning even at an extreme rainfall intensity of 300 mm/h. 
As a result of tire-water-pavement interaction, the skid resistance develops 
from the traction force at the tire-pavement interface and the drag force at the tire-
fluid interface. The former is proportional to tire-pavement contact force, and the 
latter is the fluid drag force computed from the numerical simulation model. Figure 




4.6 illustrates the percentage contributions of traction force and fluid drag force to 
skid resistance. It is obvious that, for Case I, fluid drag force becomes the dominant 
component of skid resistance beyond 73 km/h sliding speed at a 300 mm/h rainfall 
intensity, and at the hydroplaning speed of 84 km/h, a vehicle will only be 
experiencing the fluid drag (since the wheels are “lifted” off the pavement surface). 
For Case II, it was noted that even at high sliding speeds, traction force is still the 
main component of skid resistance. This stark contrast indicates that a major reason 
why porous pavements can maintain the excellent skid numbers at high speed is to 
keep fluid uplift and drag forces low while maintaining the contact between tire tread 
and pavement surface and relying on the traction forces resulting from the tire-
pavement contact. This is further demonstrated in Figure 4.7 where it can be seen that 
at high speed, there is a significant tire deformation causing loss in tire-pavement 
contact for Case I as compared to Case II at the same rainfall intensity. 
From the above case study, it can be concluded that porous pavement is an 
effective engineering measure to improve wet pavement skid resistance. The superior 
skid resistance performance of porous pavements is mainly due to its higher porosity 
and inner drainage capacity. Such characteristics result in a significant reduction in 
fluid uplift force, providing better contact between tire tread and pavement surface 
even at extremely high speeds. This develops higher traction force, which dominates 
the skid resistance on porous pavements. Resulting from the same mechanisms, 
porous pavements can also prevent the occurrence of hydroplaning at highway 
operational speed. 
4.3  Effect of Influencing factors on Porous Pavement Skid Resistance 
The effects of some critical factors on the skid resistance of porous 
pavements are quantitatively analyzed using an illustrative hypothetical case study. 
The parameters being examined include the porosity, porous layer thickness, rainfall 
intensity and sliding speed. The analysis considers the interaction between different 





influencing factors. The hypothetical problem is first defined based on a porous 
asphalt overlay project. The skid resistance performance on porous pavements with 
various design parameters are then evaluated using the developed simulation model 
and the numerical results are compared and analyzed for each factor. Some 
recommendations on porous pavement design are made based on the conclusions 
drawn from the parametric study. 
4.3.1  Description of Hypothetical Problem  
A hypothetical problem is defined for illustration purpose in this study. It is 
assumed that a two-way four-lane crowned tangent highway section with a total 
width of 15 m is considered to be rehabilitated using a porous asphalt overlay. The 
existing impermeable dense-graded pavement surface has a longitudinal grade of 0% 
and a cross slope of 2%. The overlaid surface will preserve the same geometric 
features as the old pavement. An identical wet tire-road friction coefficient of 0.5 
(SN0 = 50) is assumed for all the porous surface candidates for comparison basis since 
the asphalt binder and aggregates are assumed to be from the same sources for all 
porous mixtures. Alternative porous overlay designs with different porosities and 
thicknesses are considered in design period with focus on their frictional performance. 
The skid numbers on these porous surfaces under different rainfall intensity levels at 
different vehicle sliding speeds are predicted and analyzed using the developed 
numerical simulation model. 
The levels of porous layer porosity used in this study cover the common 
porosity range of porous pavements found in practice. The typical porosity of a newly 
paved porous layer usually ranges from 18% to 22% (Alvarez et al., 2011). Higher 
porosity values of as much as 25% have also been used to enhance the safety benefits 
and reduce the tire-pavement noise (Alvarez et al., 2011). The porosity of porous 
pavement tends to reduce with time due to the clogging effect. To cater for the 
deterioration of porosity with time, some road agencies adopt a design terminal value 




of 15% for porosity (Liu and Cao, 2009). These considerations form the basis for 
selecting five porosity levels in this study, i.e. 15%, 17.5%, 20%, 22.5% and 25%. 
The levels of porous layer thickness considered in this analysis cover the 
regular thickness range of porous surface course found in practice as well. It is 
noticed from the extensive review of porous pavement projects that most of porous 
layers used as overlays or wearing courses vary from 50 mm to 100 mm thick (Smith, 
1992; Moore et al., 2001). There are also instances where thin lift of porous layers 
with a thickness of 25 mm are used (Smith, 1992). Moreover, porous surface layers in 
the United States are usually paved in an integer multiple of 1 inch (25.4 mm). 
Therefore, four porous layer thicknesses are considered in this study, namely 25 mm, 
50 mm, 75 mm and 100 mm. 
The levels of rainfall intensity considered in this analysis have to be 
sufficiently large so that a significant thickness of free standing water film can form 
on the porous pavement surfaces. The upper bound of examined rainfall intensity is 
determined according to the meteorology of project location.. From past research 
studies on extreme rainfall intensities (Hershfield, 1984; De Toffol et al., 2009; 
Langousis and Veneziano, 2009) and computations of water film thickness on porous 
pavements (Anderson et al., 1998), five rainfall intensity levels are involved in this 
study, i.e. 60 mm/h, 100 mm/h, 150 mm/h, 225 mm/h and 300 mm/h. 
The range of vehicle sliding speeds considered in this analysis cover the 
common operating conditions encountered by passenger cars on the roadways in a 
raining weather. A 20 km/h speed step is selected in order to properly develop the 
speed-dependency of skid number on porous pavements. Five speed levels are 
included in this study, namely 20 km/h, 40 km/h, 60 km/h, 80 km/h and 100 km/h. 
The skid resistance performance of the various porous overlays is evaluated 
and compared under the above defined conditions using the proposed analysis 
framework. The range of values examined for each variable are believed to be 
adequate for most porous pavement applications and common wet-weather operating 





conditions. The simulation results are analyzed for each individual influencing factor, 
taking the interactions between different factors into consideration. 
4.3.2  Influence of Porosity 
As recognized from past experimental studies (Page, 1993; Younger et al., 
1994), the superior skid resistance performance of porous pavements mainly results 
from their excellent drainage capacity. Rainwater on pavement surfaces can be easily 
discharged through the inter-connected pores and the surface macrotexture. It not 
only reduces the water film thickness on pavement surface, but also releases 
hydrodynamic pressure developing between tire tread and pavement surface. In most 
applications, the porous surface layer serves only as a functional surface course 
without structural contribution. Therefore, porous pavement design typically focuses 
on its drainage capacity if the primary purpose is to enhance skid resistance. From 
this perspective, the porosity of a porous surface layer is the most crucial factor 
closely related to its drainage capacity. The influence of porosity on the frictional 
performance of porous pavements is quantitatively analyzed in this section. 
Based on the skid numbers computed by the developed numerical simulation 
model, Figure 4.8 is plotted to illustrate the influence of porous layer porosity on the 
skid resistance for different levels of porous layer thickness, rainfall intensity and 
vehicle speed, respectively. In general, higher skid numbers are seen on pavements 
with higher porosity levels, when all the other three parameters are held constant. 
This is expected because more interconnected air voids are available when the 
porosity of a porous pavement increases, thereby resulting in more effective water 
discharge underneath the vehicle tires and enhancing the skid resistance performance 
of the porous pavement. It is noted from Figure 4.8 that skid number increases with 
porosity increase in an approximately linear manner. This indicates that skid 
resistance is constantly improved as porosity increases. Taking a closer look at the 
three plots, the following additional observations can be made from Figure 4.8: 




 Figure 4.8(a) illustrates the variations of skid number with porosity for 
the four porous layer thickness levels under the same operation condition with a 150 
mm/h rainfall intensity and an 80 km/h vehicle sliding speed. This plot could be used 
to examine the effect of porous layer thickness on the efficiency of porosity-induced 
skid resistance improvement. When the porosity increases from 15% to 25%, the skid 
number increases by 1.6, 1.9, 2.0 and 2.1 SN units respectively for 25, 50, 75 and 100 
mm porous layer thickness. These results suggest that increasing porosity in a thicker 
porous surface layer produces better results in improving skid resistance. 
 Figure 4.8(b) examines the effect of increasing porosity under different 
rainfall intensities, for the case of 50 mm porous layer thickness and 80 km/h vehicle 
sliding speed. Skid resistance improvement resulted from the increasing porosity is 
found to be more effective at higher rainfall intensities. When porosity value 
increases from 15% to 25%, the skid number increases by 1.4 SN units at 60 mm/h 
rainfall intensity, and increases by 2.1 SN units at 300 mm/h rainfall intensity.  
 Figure 4.8(c) compares the skid number variation with porosity increase 
for different vehicle speeds under the travel condition of 150 mm/h rainfall intensity 
and 50 mm porous layer thickness. When the porosity value increases from 15% to 
25%, the skid resistance improvement is 2.6 SN units at a vehicle speed of 100 km/h. 
The corresponding increase at vehicle speed of 20 km/h is only 0.2 SN units. These 
results show that the skid resistance improvement due to increasing porosity is more 
efficient and more significant at higher sliding speed than at lower speed. 
To summarize, the above observations indicate that wet skid number on 
porous overlay increases with increasing porous layer porosity and the enhancing 
effect of porosity becomes more significant in the case of thicker porous layer, higher 
rainfall intensity and higher vehicle speed. Therefore, porous mixture with a larger 
porosity value should be used for skid resistance enhancement, as long as the large air 
void content does not adversely affect other performance such as durability, revelling 





resistance and rutting resistance. In addition to skid resistance improvement, larger 
porosity may also give benefits in splash/spray reduction and clogging resistance. 
4.3.3  Influence of Porous Layer Thickness 
In addition to porosity value, the thickness of porous surface layer is also a 
critical factor in porous pavement design. It affects the drainage capacity of porous 
pavement system. A thicker porous layer is capable to store more rainwater within its 
pores in raining weather before a significant water film appears on pavement surface. 
A thicker porous layer may also provide a larger outlet area at roadsides to make the 
lateral drainage of water more efficient. The influence of porous layer thickness on 
porous pavement skid resistance performance is analyzed in this section based on 
numerical simulation results. 
Figure 4.9 illustrates the skid numbers computed from numerical simulation 
models for pavements with different porous layer thicknesses. Skid number variations 
with porous layer thickness are plotted with respect to pavement porosity, rainfall 
intensity and vehicle speed in each sub-figure, respectively.  The following trends are 
observed from these plots: 
 Generally, all the plots show increasing trends of skid number as porous 
layer thickness increases, although the rates of increase in skid number tend to 
diminish when porous surface becomes thicker. These increasing trends indicate that, 
all other parameters being equal, a pavement with thicker porous surface layer 
produces a superior skid resistance performance.  
 Figure 4.9(a) illustrates the relationships between skid number and layer 
thickness for porous overlay courses with different porosities at an identical operating 
condition of 150 mm rainfall intensity and 80 km/h vehicle speed. This plot actually 
interprets the same set of data as shown in Figure 4.8(a) from a different perspective. 
It is observed that the increase of skid number with porous layer thickness is slightly 
higher on a surface with a larger porosity. At 25% porosity, the skid number increases 




by 2.4 SN units when the porous layer thickness increases from 25 to 100 mm, while 
at 15% porosity, the corresponding increase is 1.9 SN units.   
 In Figure 4.9(b), the variation of skid number with porous layer thickness 
at different rainfall intensities is presented. Vehicle speed and pavement porosity are 
fixed at 80 km/h and 20%, respectively. The trends of curves show that, provided all 
other conditions being equal, higher skid resistance improvement can be obtained at 
higher rainfall intensity when porous layer thickness increases. In the examined 
thickness range (i.e. 25 to 100 mm), skid number increases by 2.8 SN units at 300 
mm/h rainfall intensity, and 1.6 SN units at 60 mm/h rainfall intensity. 
 Figure 4.9(c) shows the effect of vehicle sliding speed on the relationship 
between porous pavement layer thickness and skid resistance. In this plot, surface 
porosity and rainfall intensity are held constant at 20% and 150 mm/h respectively. 
The skid resistance improvement through thickening porous surface layer is found to 
be more effective at higher skidding speed. When porous layer thickness increases 
from 25 mm to 100 mm, the skid number increases by 3.6 SN units at a vehicle speed 
of 100 km/h, but only increases by 0.2 SN units at 20 km/h. 
To summarize, skid resistance on porous pavement increases with increasing 
porous layer thickness. The influence of porous layer thickness on skid resistance is 
found to be more significant in the case of larger porosity, higher rainfall intensity or 
higher vehicle speed. A thicker porous surface layer should be used to enhance skid 
resistance performance if the added materials do not reduce the cost effectiveness of 
the whole pavement structure. In addition to skid resistance improvement, larger 
porous layer thickness may also provide benefits in terms of reduction of splash/spray 
and improvement of urban runoff quality. 
4.3.4  Influence of Rainfall Intensity 
The present of rainwater on pavement surface is the essential cause of friction 
reduction in wet weather. Since water viscosity is much lower than the frictional bond 





between tire rubber and aggregate, the water film serves as lubricant at the tire-
pavement interface. The hydrodynamic pressure developed within the water film 
underneath a traveling tire is closely related to the water film thickness accumulated 
on pavement surface, which is directly determined by the rainfall intensity. Therefore, 
it is necessary to examine the skid resistance performance of porous pavements under 
different rainfall intensities in order to further understand the frictional properties of 
porous pavements. The influence of rainfall intensity on the skid resistance of porous 
pavements is analyzed in this section. 
The results of numerical simulation analysis are summarized in Figure 4.10 
to illustrate the influence of rainfall intensity on porous pavement skid resistance. 
Each of these three plots shows the variation of skid number with rainfall intensity for 
different values of pavement porosity, porous layer thickness or vehicle speed.  The 
following characteristics of the rainfall effect are observed: 
 All three plots in Figure 4.10 show the general decreasing trend of skid 
number with rainfall intensity. This is expected because for a specific porous surface, 
its drainage capacity is identical at various rainfall intensities. Heavier rainfall can 
cause a thicker water film on pavement surface, where more water may be trapped 
underneath the tires when a vehicle slides over, resulting in a reduced skid resistance 
performance. Furthermore, it is also observed that the skid number decreases with the 
increase of rainfall intensity in a concave manner. It declines more rapidly in the 
beginning as rainfall intensity rises from 60 mm/h, and tends to level off at higher 
rainfall intensities. 
 In Figure 4.10(a), the vehicle speed and porous layer thickness are kept 
constant (i.e. 80 km/h and 50 mm, respectively), while varying the pavement porosity. 
Skid resistance appears to be affected marginally more by rainfall intensity at a lower 
porosity level. At a 15% porosity, skid resistance drops by 3.5 SN units when rainfall 
intensity increases from 60 to 300 mm/h; while at a 25% porosity level, the reduction 
is 2.8 SN units.  




 In Figure 4.10(b), vehicle speed and pavement porosity are kept constant 
(i.e. 80 km/h and 20%, respectively), while varying the thickness of porous surface 
layer. It is seen that the largest fall of skid number with rainfall intensity occurs when 
the porous surface layer is the thinnest at 25 mm. The reduction of skid resistance is 
3.7 SN units for 25 mm thick porous layer when rainfall intensity increases from 60 
to 300 mm/h, while it is 2.5 SN units on the 100 mm thick layer. Similar decreasing 
rates of skid number with increasing rainfall intensity are observed on porous 
surfaces thicker than 50 mm. 
 In Figure 4.10(c), the pavement porosity and surface layer thickness are 
maintained constant (i.e. 20% and 50 mm, respectively), while varying the vehicle 
sliding speed. It is apparent from the plot that skid resistance reduction due to 
increasing rainfall intensity is more significant at high sliding speeds. The skid 
resistance performance is reduced by 4.9 SN units at a 100 km/h vehicle speed when 
the rainfall intensity increases from 60 to 300 mm/h, while it is only 0.1 SN units at 
20 km/h under the same rainfall intensity increment. 
In summary, the simulation results demonstrate that tire-pavement skid 
resistance is adversely affected by increasing rainfall intensity. The influence of 
rainfall intensity on porous pavement frictional performance is more severe when 
pavement surface porosity is lower, porous layer thickness is thinner, or when vehicle 
speed is higher. 
4.3.5  Influence of Vehicle Speed 
Vehicle sliding speed is another critical factor influencing porous pavement 
skid resistance. It may be the most important parameter in vehicle operation that has a 
significant impact on the wet-pavement skid resistance performance. In the standard 
lock-wheel measurement (ASTM, 2011a), test speed is specified as 40 ± 1 mph (65 ± 
1.5 km/h). However, the operational traveling speeds on roads vary dramatically 
between different locations and vehicle types. The benefits in skid resistance 





improvement obtained from applying porous pavements may differ significantly at 
different sliding speeds. The influence of vehicle sliding speed on porous pavement 
skid resistance is numerically investigated in this section. 
The illustrative numerical simulation results are presented in Figure 4.11 to 
analyze the effects of vehicle sliding speed on tire-pavement skid resistance. These 
plots provide insights on how vehicle speed influence skid resistance when surface 
porosity, porous layer thickness, and rainfall intensity are varied. The following 
observations on skid number variations with vehicle sliding speed can be achieved: 
 In general, the three plots show that wet-pavement skid resistance on 
porous pavements reduces as vehicle speed increases. This observation is similar to 
that on dense-graded pavements (Fwa and Ong, 2008). It is understood that when a 
vehicle skids on road at a higher speed, there is more water to be discharged from 
tire-pavement contact patch in a certain time instant. More water may be trapped 
underneath the tire, resulting in a reduced skid resistance at higher speed. All the 
curves are convex in shape, indicating that skid resistance reduces faster with unit 
speed incremental at higher sliding speeds. 
 Figure 4.11(a) shows how surface layer porosity affects the decreasing 
trend of skid resistance with vehicle speed. The results are plotted for the case of 150 
mm/h rainfall intensity and 50 mm porous layer thickness. It is found that the fall of 
skid number with speed is more severe on porous pavement with lower porosity. 
When vehicle speed is raised from 0 to 100 km/h, the fall in skid resistance is 8.4 SN 
units at 15% porosity, and 5.8 SN units at 25% porosity. 
 Figure 4.11(b) shows how different porous layer thicknesses affect the 
decreasing trend of skid resistance with vehicle speed. The illustrated data are for the 
case of 20% porous layer porosity and 150 mm/h rainfall intensity. The plot indicates 
that larger skid resistance reduction is observed on the surface with a thinner porous 
course for a certain vehicle speed increase. With a 25 mm thick porous surface, the 




skid number reduces by 9.4 SN units when vehicle speed increases from 0 to 100 
km/h; while with a 100 mm thick porous surface, the reduction is 5.8 SN units. 
 Figure 4.11(c) illustrates the effect of rainfall intensity on the relationship 
between skid resistance and vehicle speed. The plotted data are for the case of 20% 
porous layer porosity and 50 mm porous layer thickness. The influence of vehicle 
speed on skid resistance is found more significant at higher rainfall intensity. The 
skid number is reduced by 8.4 SN units at a 300 mm/h rainfall intensity when vehicle 
speed increases from 0 to 100 km/h. For the same speed incremental, the skid number 
only drops by 3.5 SN units at the rainfall intensity of 60 mm/h. 
Overall, the above findings show that skid number on porous pavements 
deteriorates as vehicle sliding speed increases. The effects of vehicle speed on tire-
pavement skid resistance is more significant at lower pavement porosities, thinner 
porous layer thicknesses and higher rainfall intensities. Therefore, increasing the 
porosity and thickness of porous surface layers can help to reduce the speed-
dependency of wet skid number and provide a more consistent frictional condition in 
wet-weather traveling. 
4.4  Summary 
This chapter applied the developed numerical simulation model to analyze 
the mechanisms and influencing factors of wet skid resistance enhancement on 
porous pavements. An analysis framework was first developed to integrate the wet 
pavement surface condition into the skid number prediction. Water film thickness 
computation module and skid resistance simulation model are the two major 
components of this framework. The former determines the water film thickness 
accumulated on a porous or non-porous pavement, which is a important input 
parameter in the skid resistance simulation. The latter is capable to predict the skid 
number at a given environmental and operational condition. 





The proposed analysis framework was next used to analyze the overall effect 
of a porous surface layer on wet-pavement skid resistance. This application aimed to 
quantify skid resistance improvement achieved on porous surfaces as compared to 
conventional dense-graded surfaces. It was found in the illustrative case study that 
porous pavement can be an effective engineering measure to improve wet-pavement 
skid resistance at different rainfall intensities and vehicle speeds. The use of porous 
pavement results in a lower fluid uplift force, better tire-pavement contact status, 
higher traction force and less tire deformation - all of which are essential to achieving 
a higher skid number. Furthermore, tire-pavement contact can be well maintained on 
porous surfaces even at high sliding speeds. 
The analysis framework was next used to investigate the influence of various  
pavement parameters and vehicle operating conditions on the tire-pavement skid 
resistance. The availability of the analytical model enables one to study in detail the 
effects of individual factors (e.g. pavement surface porosity, porous layer thickness, 
rainfall intensity and vehicle speed) through a hypothetical case study. The following 
findings have been made from the simulation analyses conducted in this study:    
 Skid resistance of porous pavements in wet weather increases when 
either the porosity or the thickness of porous surface layer increases, but decreases 
when either the rainfall intensity or vehicle speed increases.  
 Skid resistance increases with surface layer porosity approximately 
linearly in the porosity range of 15% to 25%. The beneficial effect of porosity in skid 
resistance improvement is more prominent in the situations with thicker porous 
surface layer, higher rainfall intensity and higher vehicle speed. 
 Skid resistance increases nonlinearly with an increase in porous layer 
thickness.  The increasing trend of skid number is more pronounced for thin porous 
layers, and tends to flatten as the porous layer becomes thicker than 75 mm. The skid 
resistance benefit of increasing porous layer thickness is more substantial for porous 




pavements with higher porosity, and operating conditions under higher rainfall 
intensity and higher vehicle speed. 
 Skid resistance decreases with the increase of rainfall intensity in a 
concave manner. The reduction rate is higher at lower rainfall intensity levels. The 
adverse effect of increasing rainfall intensity on skid resistance reduction is more 
significant for pavements with lower porosities and thinner porous surface layer, and 
at higher traffic speeds. 
 Skid resistance decreases with the increase of vehicle sliding speed in a 
convex manner. Skid resistance reductions become more significant as vehicle speed 
increases. The effects of vehicle speed on skid resistance reduction are more critical 
in the cases of lower porosity, thinner porous layer and higher rainfall intensity. 
Based on the findings above, some recommendations can be made for porous 
pavement design from the perspective of wet-weather driving safety. A high porosity 
in the surface layer is preferred to better utilize its advantage in wet skid resistance 
improvement, as long as it does not adversely affect other structural and functional 
performance of porous pavements. It does not only increase the skid resistance, but 
also reduces the negative influence of rainfall intensity and vehicle speed, so that a 
more consistent driving behaviour can be maintained in rainy days. The findings also 
suggest that, from the safety point of view, a minimum of 50 mm thickness of porous 
surface layer should be used. A thickness of 75 mm is recommended at a reasonable 
material cost. Thickness higher than 75 mm may not be cost effective as it does not 
provide much additional skid resistance benefits. 







Figure 4.1: Analysis framework of skid resistance on wet pavements  
 
 INPUT 
 Pavement type 
 Mean texture depth 
 Manning's roughness coefficient 
 Drainage path length 
 Rainfall intensity 
 Slope of drainage path 
 Porous layer thickness 
 Hydraulic conductivity 
 
 
Water film thickness 
computation module for porous 
and non-porous pavements  
Numerical skid resistance model 
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pavements 
INPUT 
 Tire geometry and properties 
 Wheel load and tire pressure 
 Pavement material properties 
 Pavement porosity 
 Porous layer thickness 
 Fluid material properties 
 Friction coefficient 
 Sliding speed 
OUTPUT 
 Skid number 
 Fluid uplift force and drag force 
 Tire deformation and footprint 
INTERMEDIATE SOLUTION 
Water film thickness 






Figure 4.2: Skid resistance model for porous pavements 
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Figure 4.4: Comparing skid resistance on Case I and Case II pavements:  
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Figure 4.5: Vertical forces acting on wheel at different speeds:  
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Figure 4.6: Contribution of traction and drag forces to skid resistance:  
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Figure 4.7: Tire deformations at various speeds for 300 mm/h rainfall intensity: 
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Figure 4.8: Influence of porosity on skid number: (a) among porous layer 
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Figure 4.9: Influence of porous layer thickness on skid number: (a) among 
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Figure 4.10: Influence of rainfall intensity on skid number: (a) among porosities, 
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Figure 4.11: Influence of vehicle speed on skid number: (a) among porosities, (b) 
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CHAPTER 5  DEVELOPMENT OF NUMERICAL MODEL FOR TIRE/ROAD 
NOISE ON POROUS PAVEMENT 
Besides skid resistance enhancement, noise reduction is another major benefit 
brought forth by porous pavements. Most existing studies on acoustical performance 
of porous pavements to date are experimental in nature (Younger et al., 1994; 
Bérengier et al ., 1997; Kowalski et al., 2009). Developing a numerical simulation 
model for tire/road noise on porous pavements is the primary objective of this study. 
However, the previous approach adopted in skid resistance simulation is inadequate 
for noise simulation. This is because the acoustical property of a porous surface can 
not be directed related to its water drainage capacity, although both features are 
resulted from its high porosity. Porous pavement acoustical property depends on the 
characteristics of air flow and sound energy dissipation. Therefore, an innovative 
numerical approach is required to simulate tire/road noise on porous pavements. This 
chapter presents the development of such a numerical simulation model. The critical 
issues in the tire/road noise modeling are first addressed. These problems are then 
solved by finite element method (FEM) and boundary element method (BEM). The 
appropriate reproduction of porous pavement acoustic absorption is identified as a 
key issue during model development. In this study, an absorption penal is defined in 
boundary element method is adopted in this research to numerically represent the 
acoustical properties of porous surfaces. This pavement model is then integrated with 
a rolling tire vibration model to evaluate the noise emission around a pneumatic tire 
that travels on a porous pavement surface. The overall tire/road noise model is then 
validated against past experimental measurements for both porous and nonporous 
pavements. 
5.1  Issues Considered in Modeling Tire/Road Noise on Porous Pavement 
Similar to skid resistance, tire/road noise on porous pavements is a complex 
phenomenon involving various mechanisms. It is a combination of tire vibration 




effect and aerodynamic effect (Sandberg and Ejsmont, 2002; Bernhard and McDaniel, 
2005). The former is a result of pavement texture, tire rotation and frictional force, 
among which the radian excitation induced by pavement texture is the most 
significant cause of the structure-borne noise. The latter includes air pumping, groove 
resonance and air resonant radiation, which are more relevant to the air movements 
between tire tread and pavement surface. The model developed in this study aims to 
focus on tire wall vibration which is the dominant noise generation mechanism under 
most traveling conditions (Kim et al., 2007). The other noise generation mechanisms 
can be covered in the simulation model through a calibration process. Finite element 
method (FEM) and boundary element method (BEM) are used to formulate the 
generation and propagation of noise respectively. In the simulation of tire/road noise 
on porous pavements, problems presented in below subsections should be properly 
considered. 
5.1.1  Pavement Surface Texture 
Pavement surface texture induces tire wall vibration and affects the friction at 
tire-pavement interface. It is important to appropriately represent pavement surface 
texture in the numerical simulation of tire/road noise. The major challenge lies in the 
randomness of texture profile and the small scale of texture characteristics. In this 
work, the spectral analysis in accordance with the technique outlined by ISO 13473-4 
standard (ISO, 2008) is adopted to derive the pavement texture spectra from the raw 
texture profile data measured by high-speed laser profilometers. Specifically, discrete 
Fourier transform (DFT) method is performed to derive texture spectra. This analysis 
makes it possible to capture the characteristics of surface asperity distribution (Miller 
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where Zk is the texture amplitude in the narrow band k, Zi,win is the windowed profile 
elevation at the discrete point i, and j is the imaginary unit (j
2
 = -1). 
The power spectral density (PSD) can be determined from the DFT results of 
each narrow band and the total power of a fractional-octave-band is obtained through 
a summation of all the narrow band power within the window. The pavement texture 
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where Ltx,λ is the texture profile level (dB) of the fractional-octave-band with a center 
wavelength λ, Zp,λ is the power within the fractional-octave band, αλ is the root mean 
square of texture amplitude, and αref is the reference texture amplitude, 10
-6
 m. In this 
study, both the 1/3-octave and 1/12-octave bands are used in the representation of 
texture spectrum. 
5.1.2  Rolling Tire Vibration 
Most of the tire/road noise generation mechanisms result from tire rotation, 
especially the tire wall vibration. Tire-pavement interaction is the most important 
source of rolling tire vibration. Tire deformation and its pre-stress status significantly 
affect its vibration characteristics and therefore, have to be properly reproduced in the 
modeling of tire/road noise. Modal analysis is one of the most extensively used 
methods in tire vibration analysis, and the natural frequencies and mode shapes are 
fundamental descriptions of tire vibration characteristics. Modal analysis and mode 
superposition technique are adopted in this study to analyze the rolling tire vibration.  
5.1.3  Acoustic-Structure Coupling 
Tire/road noise phenomenon involves acoustic radiation and scattering by an 
elastic structure (i.e. the tire) submerged in an infinite fluid medium (i.e. the air). The 
interaction between tire walls and surrounding air is an important feature in tire/road 




noise modeling. Since the influence of air acoustic pressure on tire wall vibration is 
negligible and the purpose of the model is for noise prediction, a one-way coupling 
scheme is adequate for the tire-air interaction. The coupling algorithm transforms the 
tire vibration velocities or accelerations to the boundary of fluid domain which serve 
as the radiation source in the acoustic model. This can be realized through the vibro-
acoustic transfer vectors (VATV) approach. 
5.1.4  Sound Propagation in Free Space 
Sound is essentially a sequence of pressure wave propagating in compressible 
medium, such as air. During propagation, sound waves may be reflected, refracted or 
attenuated  by the medium. The behavior of sound propagation is generally affected 
by the relationship between density and pressure. The medium viscosity also affects 
the motion of sound waves and determine the rate at which sound is attenuated. The 
propagation is also influenced by the motion of the medium itself. Numerical 
formulations of sound propagation behaviors in the air should be developed to 
estimate the sound level at a distance from source. Acoustic transfer vector (ATV) 
concept could be adopted to formulate the relationship between boundary vibration 
and acoustic pressure field. 
5.1.5  Acoustic Absorption of Porous Pavement 
Past experimental studies have identified porous pavement as an effective 
engineering solution to tire/road noise (Bérengier et al ., 1997; Praticò and Anfosso-
Lédée, 2012). It reduces noise through its acoustic absorption property. Sound energy 
dissipates when it propagates through the porous pavement layer, primarily due to 
viscous and thermal effects resulting from the compression and expansion of the air 
within the pore structure. Sound absorption depends on the complicated pore 
structure within porous mixtures and the acoustical properties of its materials (i.e. 
aggregates, binders and additives). It is crucial and essential for the tire/road noise 





numerical modeling to appropriately represent the acoustic absorption of porous 
pavements. 
Four of the critical issues (pavement surface texture, rolling tire vibration, 
acoustic-structure coupling and sound propagation in free space) have already been 
studied and included into some dense-graded pavement tire/road noise simulation 
models by the literature (Brinkmeier and Nackenhorst, 2008; Kropp et al., 2012). 
Similar concepts are adopted in this research study. However, the acoustic properties 
of porous pavements have not been appropriately considered in existing tire/road 
noise models (Anfosso-Lédée et al., 2007). This research therefore focuses on 
integrating the acoustic properties of porous pavements into the numerical tire/road 
noise prediction model to properly evaluate the noise reduction effects on porous 
pavements. The modeling of acoustic absorption can be approached by either a 
phenomenological model or a microstructural model, both of which will be discussed 
in the next section. 
5.2  Numerical Representation of the Acoustic Absorption of Porous Pavement 
Porous pavement is characterized by an interconnected pore network within 
porous surface layer. This interconnected pore network is believed to reduce tire/road 
noise primarily through two major mechanisms: mitigation in air pumping effect and 
sound absorption through internal friction (Neithalath et al., 2005). When an incident 
sound wave impacts a pervious surface, a portion of the acoustic energy is absorbed, 
while the rest is reflected. Acoustic absorption occurs along the sound propagation 
within a porous layer and the transmitted sound wave is weakened. The acoustic 
absorption coefficient of a porous pavement surface layer can be derived from its 
acoustic impedance. This section discusses the application of various modeling 
approaches to predict and quantify acoustic absorption of porous pavements using 
pore structure parameters. Also, the section investigates the numerical representation 




of acoustic impedance in BEM simulations. The developed porous pavement model 
will be used in the development of a tire/road noise numerical simulation model. 
5.2.1  Acoustic Characteristics of Porous Pavement 
Porous pavement layer is a rigid-frame porous media, whose pore walls do 
not deform with the air pressure fluctuation within its pore structure. Acoustic wave 
propagates in rigid-frame porous media by alternating air compression and expansion. 
In this process, acoustic absorption occurs as a result of energy loss from the viscous 
effect and thermo-elastic damping (Neithalath et al., 2005). The sound propagation in 
porous pavement is governed by the effective density and effective bulk modulus of 
the air within the pore space (Brennan and To, 2001). These quantities are frequency-
dependent, complex and non-linear. Acoustic absorption coefficient is a fundamental 
intuitive parameter commonly used to describe the ability of a particular material in 
absorbing and transmitting acoustic energy when sound waves collide with it. It is 
defined as: 
a iI I           (5.3) 
where α is the acoustic absorption coefficient, Ia is the absorbed sound intensity, and 
Ii is the incident sound intensity. The amount of sound energy absorbed is governed 
by the acoustic impedance of a porous pavement surface and is frequency-dependent. 
Acoustic impedance indicates the amount of sound pressure generated by molecule 
vibrations of an acoustic medium at a given frequency. The characteristic acoustic 
impedance is an inherent property of a medium, defined by 
0 0cZ c          (5.4) 
where Zc is the characteristic acoustic impedance, ρ0 is the density of medium and c0 
is the sound speed in the medium. In a viscous medium, due to the phase difference 
between pressure and velocity, the specific acoustic impedance will differ from the 
characteristic acoustic impedance. The specific impedance (Z) is defined as the ratio 
of sound pressure ( p ) to the particle velocity ( v ) at the surface of porous material: 
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where ω is the angular frequency. A phase relation generally exists between pressure 
and particle velocity. Therefore, the specific acoustic impedance is usually expressed 
as a complex number: 
cZjmrjMRZ  )(        (5.6) 
where R is the real component of the impedance, representing the resistive part, M is 
the imaginary component, indicating the reactive part of the impedance, and j is the 
imaginary unit. The resistive part consists of various loss mechanisms such as thermal 
motion and viscous effect. Energy is removed from the sound wave and transferred to 
other objects. The reactive part represents the ability of air to store the kinetic energy 
of sound wave as potential energy, realized through compression and expansion of air. 
Energy is not lost, but converted between kinetic and potential forms. The phase of 
impedance is simply shown as: 
 rm /tan 1         (5.7) 
The acoustic absorption coefficient (α) can be theoretically related to the complex 
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In practice, the acoustic properties of porous pavements are usually evaluated 
by the sealed impedance tube approach (ISO, 2010; ASTM, 2012a) in the laboratory 
on cored samples, or through the extended surface method (ISO, 2002) in the field 
tests. Both methods measure acoustic absorption through the determination of sound 
pressure difference between incidental and reflected sound fields. The complex 
acoustic impedance can be determined from these tests as well, taking into 
consideration the relationship between acoustic absorption coefficient and acoustic 
impedance. For a constant acoustic absorption coefficient α, Equation (5.8) 
degenerates to an equation of circle centering on the real axis at 2/α-1 with a radius of 




(4 ) (1/ 1)    in the complex plane. When the phase of impedance is obtained 
from measurement, the real and imaginary components of acoustic impedance can be 
derived. Details of the theoretical derivation can be found in reference (Möser, 2009). 
5.2.2  Modeling the Acoustic Absorption of Porous Pavement 
Measurement of pavement acoustic characteristics requires specialized device 
and high investment, which may not always be available. As a result, various models 
have been developed to relate the acoustic properties of porous mixture to its 
composition and volumetric characteristics. Acoustic absorption can be modeled by 
either phenomenological models (Attenborough and Howorth, 1990; Hamet and 
Bérengier, 1993; Hubelt, 2003) or microstructural models (Champoux and Stinson, 
1992; Neithalath et al., 2005; Kim and Lee, 2010). This section shall introduce the 
representative phenomenological and microstructural approaches. It was found that 
the phenomenological model is in close agreement with the microstructural model in 
the case of porous pavements (Bérengier et al ., 1997). Different models rely on 
different variables to derive acoustic absorption, therefore, the selection of model 
depends on what variables are available in the measurement. 
5.2.2.1  Phenomenological Model 
The phenomenological approach considers the porous mixture and the air 
within it as a whole dissipative compressible fluid. This method introduces a viscous 
dissipation resulting from the velocity gradients within the material and a thermal 
dissipation due to the thermal gradients (Bérengier et al ., 1997). Among the various 
models, the one developed by Hamet and Bérengier (1993) allows the acoustical 
characteristics of a porous pavement to be determined using only three parameters (i.e. 
porosity, tortuosity and airflow resistance). All these parameters can be separately 
measured by laboratory tests, making this model very attractive to implementation. 





In Hamet and Bérengier 's model, the dynamic density and bulk modulus are 
expressed as 
2(1 )g air uq j f f          (5.9) 
 
1
0 1 ( 1) (1 )gK P j f f 

                   (5.10) 
where ρg is the complex dynamic density, Kg is the bulk modulus, ρair is the density of 
air, γ is the specific heat ratio (1.4 for ideal gas), q2 is the media tortuosity, P0 is the 
ambient atmospheric pressure and f is the frequency. fμ and fθ are functions describing 
the viscous and thermal dependencies respectively. 
2(2 )s airf r q                    (5.11) 
(2 )s air prf r N                   (5.12) 
where ϕ is effective porosity, rs is the air flow resistance of the porous pavement, and 
Npr is Prandtl number (about 0.71 in the air at 25°C). Using Equations (5.13) and 
(5.14), the acoustic impedance of porous layer (Zp) and its complex wave number (k) 
can be written as Equations (5.15) and (5.16). 
1F j f f                    (5.13) 
1F j f f                    (5.14) 
     2121 1    FFcqZ airp                (5.15) 
 
1 21 2
0 ( 1)k k qF F                     (5.16) 
where c is the homogeneous sound speed in the air, and 0 2k f c .  
Assuming that the porous surface layer is laid on a perfectly reflecting dense-
graded base course, whose impedance could be taken as infinite, surface impedance 
of the whole porous pavement is derived as: 
 jklZZ p  coth                  (5.17) 
where l is the thickness of the porous surface layer. With this surface impedance, the 
acoustic absorption coefficient can be calculated from Equation (5.8). This model has 




been validated against experimental measurements (Bérengier et al ., 1997) and was 
successfully applied in the analysis of sound propagation over porous pavements 
(Wai and Kai, 2004). 
5.2.2.2  Microstructural Model 
The complex pore structure within a porous layer is simplified as individual 
pores with simple and well-defined geometries in the microstructural models. The 
entire porous medium field is then assembled by such representative pores. Viscous 
effects and thermal motions are usually considered separately for each single pore in 
a microstructural model and the results are corrected by a so-called shape factor to 
take into account the pore structure complexity, such as the variations in tortuosity 
and pore size. The acoustic effect at macroscopic scale is then generalized from the 
corrected single-pore results. Although it is more computationally expensive than a 
phenomenological model, the microstructural model provides more physical insights 
of sound propagation mechanisms in the porous medium. This study adopts the model 
developed by Neithalath et al. (2005), which relates acoustic absorption of porous 
pavements to three geometric parameters of pore structure (i.e. porosity, characteristic 
pore size and porous layer thickness). 
Recognizing the fact that air is alternatively compressed and expanded when 
acoustic waves propagate through a porous mixture, Neithalath's model simplifies the 
pore network as a series of alternating cylinders with varying diameters (see Figure 
5.1). Each unit of the pore structure consists of a pore (with diameter Dp and length Lp) 
and an aperture (with diameter Da and length La). Porosity value (ϕ) is related to the 
pore structure dimensions and wall thickness (d) through: 
2 2
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                (5.18) 
The characteristic pore size (Dp) is defined using the median of all pore sizes larger 
than 1 mm, which can be obtained from an image analysis on porous mixtures. The 





other dimension parameters are related to the pore size and porosity, and can be 
determined by an iterative process or an optimization algorithm (Losa and Leandri, 
2012). The effective porosity is maintained constant in the simplification of a pore 
structure. 
The pore network structure is next modeled using an electro-acoustic analogy 
consisting of a series of electro resistors and inductors (see Figure 5.1) to simulate the 
acoustic behavior of porous pavements. The air impedance in a pore (Zp) is modeled 
by an inductor, the value of which is a function of the pore diameter (Dp) and can be 
calculated by: 
cot( )p air pZ j c D c                      (5.19) 
The acoustic impedance of an aperture (Za) is modeled by a resister and an inductor, 
representing the real component (Ra) and the imaginary component (Ma) of acoustic 
impedance, respectively. The impedance of apertures is thus computed by: 
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              (5.22) 
where η is the air dynamic viscosity, and β is the acoustic Reynolds number deriving 
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For a porous layer with thickness l, which is composed by n cells, the acoustic 
impedance is determined by applying the electro-acoustic analogy to all the cells and 
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                (5.25) 
where Zn is the acoustic impedance of n-cell case, and Zn-1 is the acoustic impedance 
of the situation with n-1 cells. 
In the above calculations, air density (ρair) should be multiplied by a structure 
factor to take into account that the air in lateral pores appears to be "heavier" than the 
air in main pores due to the different mechanisms in acoustic energy dissipation. The 
structure factor (ks) is defined by Equation (5.26) and is based on the fact that all 
pores do not contribute equally in sound absorption. 
2 2 2 2
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               (5.26) 
After the acoustic impedance of porous pavement is determined by Equation 
(5.25), the absorption coefficient can be derived using Equation (5.8). This model has 
been validated against experimental measurements (Neithalath et al., 2005) and was 
applied on the analysis of the acoustic characteristics of porous pavements (Losa and 
Leandri, 2012). 
5.2.3  Validation of the Acoustic Representation of Porous Pavement in BEM 
The acoustic representation of porous pavement in the boundary element 
method (BEM) is next validated through the examination of horn effect reduction on 
porous pavements. It has been identified that most tire/road noise sources, including 
tire wall vibration, air pumping, stick-slip and acoustic resonance, exist near the tire-
pavement contact patch, where a horn-shape geometry is formed by the tire tread and 
pavement surface (Sandberg and Ejsmont, 2002). This acoustic horn forces a multi-
reflection of sound wave and thus has a significant enlarging effect in its propagation. 





The noise amplification resulting from horn effect is found to be 10 to 20 dB (Graf et 
al., 2002; Kropp et al., 2000). Porous pavement is effective in reducing the horn 
effect through its absorption of acoustic energy during the multi-reflection process 
when sound wave propagates in the horn-shape geometry. 
5.2.3.1  BEM Model of Horn Effect on Porous Pavement 
The boundary element method is used to simulate sound propagation in 
porous pavement and its resulting reduction in horn effect. BEM is formulated such 
that integral equations are defined on the domain boundaries and integrations will 
relate boundary solutions to field point solutions. The benefit of BEM arises from the 
fact that only the boundaries need to be sub-divided, reducing the problem dimension 
by one. Furthermore, the infinite domain in acoustic radiation and scattering problem 
can be more efficiently modeled in this approach. 
The linear acoustic theory decomposes an acoustic variable into two terms: a 
constant one corresponding to a steady state and a fluctuating one representing the 
perturbations of the constant state. The fluctuations are sufficiently small so that a 
linear pressure-density relationship stands and all products of acoustic perturbation 










                 (5.27) 
where p is the acoustic pressure, c is the sound propagation speed in the fluid, t is the 
time, s is the acoustic source, and 
2  is the Laplacian operator. For a harmonic field, 
the complex pressure amplitude satisfies the Helmholtz equation: 
2 2
0p k p s                     (5.28) 
The particle velocity ( v ) is related to the pressure gradient by the Euler equation: 
0 0( ) 0grad p jk Z v                   (5.29) 
Three types of boundary conditions are used in the study of the horn effect in 
porous pavements. The tire walls are assumed to be perfectly-reflecting surfaces, 




which are acoustically equivalent to zero normal velocity condition 0nv  . Surface 
impedance gets to infinity and no sound energy is absorbed by such boundaries. This 
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where p(xs) is the pressure at point xs on boundary. The boundary condition on porous 
pavement surface is defined by its surface normal acoustic impedance, which denotes 
the acoustic absorption properties on boundaries. It can be derived from Equations 
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Another boundary is defined at the infinity, where the Sommerfeld condition must be 
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               (5.32) 
The integral form of Helmholtz equation on boundaries relates the boundary 
pressure and the normal velocity by a matrix equation: 
     nA p B v                   (5.33) 
where [A] and [B] are coefficient matrices. Boundary conditions [Equations (5.30) to 
(5.32)] are applied to Equation (5.33) to calculate the pressures and particle velocities 
at the boundaries. The acoustic pressure at any field point is then solved through the 
integration of boundary solutions: 
         T Tf np x C p D v                   (5.34) 
where  C  and  D  are coefficient vectors derived from integration of Helmholtz 
equation on boundaries. 
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( ) ( , ) ( )i air i s f s sD j N x G x x d x 

                    (5.36) 
where Ω is the boundary of the calculation domain, Ni(xs) is the interpolation function 
for boundary element, and G(xf, xs) is the Green function. 
Porous pavement is represented by an absorbent panel in the BEM model, on 
which the acoustic impedance is defined to model its sound absorption properties. In 
the open space problem of in-field noise measurement, porous pavement is supposed 
to be infinite horizontally. However, in numerical simulation, the boundary has to 
have a limited dimension to make sub-division possible. Convergence studies 
conducted by Anfosso-Lédée (1997) suggested that the finite extension of a boundary 
can approximate the solutions if the boundary extends over the source and receiver by 
a distance longer than that between the source/receiver and the boundary and this 
distance must be longer than one wavelength. This principle is adopted in this study. 
For the space above pavement surface, the air at 25°C is modeled as the sound 
propagating medium. The mass density of air is set to be 1.225 kg/m
3
 and the sound 
velocity in it is 340 m/s. Tire walls are modeled by perfectly-reflecting panels 
according to the geometry of tire used in the test, and a monopole with white noise is 
adopted as sound source in the simulations. With such a configuration, the acoustic 
pressure field around the tire-pavement horn is computed from the BEM model. 
5.2.3.2  Model Validation Results 
The acoustic representation of porous pavement in the BEM model is next 
validated against published experimental results. The validation work is based on the 
differences between sound pressure levels on porous and non-porous pavements. 
Comprehensive measurements conducted by Schwanen et al. (2007) on various types 
of pavements are used to validate the model. 




The experimental set-up is sketched in Figure 5.2. A tire with 195 mm width, 
381 mm rim diameter and 310 mm outer radius is placed on the tested surface without 
vertical loading. Two source positions are selected on the center line of tire tread, 10 
and 15 cm from the center of contact patch, respectively. Two receiver positions are 
defined with the coordinates shown in Figure 5.2. Receiver A is right in front of the 
tire-pavement contact patch, 428 mm from its center; and Receiver B is perpendicular 
to the tire center plane, at a distance of 297.5 mm. Both receivers are placed 100 mm 
above the pavement surface. Two porous pavements and one dense-graded pavement 
are involved in the model validation work. The acoustic impedance and absorption 
coefficient of tested pavements were measured by the extended surface method (ISO, 
2002) and the results are shown in Figure 5.3. 
The effects of porous pavements on sound absorption are represented by the 
differences in sound pressure levels on porous and dense-graded surfaces. The results 
computed from the numerical simulations are compared against values measured in 
the experiments (see Figure 5.4). Model validation is performed for different source 
positions, receiver locations and porous surfaces to better demonstrate the feasibility 
of simulation approach. It is seen that the BEM model is capable to predict the main 
peak frequency of sound absorption on porous pavement, as well as the magnitude of 
noise reduction at the peak frequency. However, the range of peak frequency detected 
by receiver B in simulation is wider than that obtained in the measurement. This may 
result from the setup configuration of experiment. Moreover, it is observed that the 
errors at high frequencies are larger than those at low frequencies and the estimation 
of secondary absorption peaks is below satisfaction. Recognizing that the differences 
between numerical and experimental results shown in Figure 5.4 cover the errors in 
acoustic impedance and sound pressure level measurements, the accuracy of BEM 
formulation is considered sufficient for the representation of porous pavement 
acoustic absorption. 





5.3  Development of Tire/Road Noise Simulation Model for Porous Pavement 
This section presents the development of an integrated numerical model 
simulating the tire/road noise phenomenon on porous pavements. An analytical 
framework capable to predict the rolling tire noise induced by pavement textures is 
illustrated in Figure 5.5. This framework is developed based on past works on tire-
pavement noise simulation using FEM and BEM (Brinkmeier and Nackenhorst, 2008; 
Kropp et al., 2012). Using this framework, the close-proximity (CPX) noise 
measurement can be modeled with the pavement surface texture profile serving as a 
critical input parameter. Four major steps (shaded in Figure 5.5) are performed 
sequentially in this framework. First, tire deformations and stresses are computed in a 
dynamic rolling tire analysis. The natural frequencies and mode shapes of tire walls 
are next computed using a modal analysis, and the tire vibration characteristics are 
captured through mode superposition with pavement texture excitations. The tire wall 
vibrations are next inputted into the BEM acoustic model to estimate the sound field 
around the rolling tire. 
5.3.1  Rolling Tire Analysis  
Tire deformations at different traveling conditions (i.e. wheel load, inflation 
pressure and traveling speed) can be very different (Tuononen, 2011). The analyses 
of rolling tire vibration and tire/road noise generation have to be performed with the 
correct deformed tire geometry. Moreover, the pre-stress condition of a rolling tire is 
crucial in the generation of tire natural frequencies and mode shapes. Therefore, it is 
necessary to produce the appropriate deformed geometry and pre-stress condition of 
the rolling tire before analyzing its vibration characteristics. 
Two major numerical schemes have been developed to analyze rolling tire 
performance. They are namely steady state rolling analysis and explicit dynamic 
rolling simulation. The former adopts the arbitrary Lagrangian Eulerian (ALE) 
description of a rolling tire. The theoretical formulations were presented in detail by 




Nackenhorst (2004). Based on this work, a stationary rolling approach was explored 
by various researchers (Ghoreishy, 2006; Hambleton and Drescher, 2009; Guan et al., 
2011). The second method simulates the real-time dynamic behavior of a rolling tire 
under transient condition using dynamic FEM algorithms. With rapid development in 
computational capacity, the advantages of transient simulation in the reproduction of 
actual tire motion have attracted a large amount of research efforts (Hall et al., 2004; 
Cho et al., 2005; Xia and Yang, 2012). 
The explicit dynamic approach is adopted in this study. A relative motion 
frame of reference is adopted to facilitate the model configuration (Figure 5.6). The 
wheel is rolling under a specific vertical load without horizontal translation, while the 
pavement moves horizontally towards the standing wheel at a traveling speed. In the 
model, only vertical translation is allowed on a cylindrical rigid axle. A pneumatic 
tire model is assembled onto the axle, with a revolution joint connection defined at 
the interface between tire rim and the axle, on which the rotational degree of freedom 
around the axle is released. Frictional contact condition is defined at tire-pavement 
interface. The pavement is assumed to be rigid and sufficient pavement length is 
provided in the simulation model to ensure that the tire will experience at least three 
complete revolutions. 
The radial tire is a complex composite structure constructed by a number of 
rubber components and reinforcements. Its typical cross section is shown in Figure 
5.7. An appropriate simplification is necessary to make the numerical computation 
practicable and efficient. The laminated composite theory (Reddy, 2004) is adopted to 
convert the multilayer tire component into a single layer, which can then be modeled 
by shell elements within an FE model. The properties of compound tire materials are 
assumed to be linear elastic and the values used in the simulation model are derived 
from actual tire data available in literature (Hall, 2003). In transient analyses, mesh 
refinement is controlled by the available computational resources and the number of 
overall time steps (Hall et al., 2004). About 19200 shell elements are used in the tire 





rotation model and the mesh is uniformly distributed. As a requirement of the contact 
analysis, the mesh size of pavement surface should be comparable to that of tire tread. 
The analysis is divided into three loading steps. In the first step, a uniformly 
distributed pressure is applied on the inner surface of tire components to simulate the 
inflation pressure. Then the vertical wheel load is gradually added onto the axle in the 
second step, pushing the tire against the pavement surface. Tire rotation is introduced 
in the third step by applying a translation velocity on pavement and a corresponding 
angular velocity on tire. The minimum time step is set to be 
41 10 s in the dynamic 
rolling process to ensure numerical stability. At the beginning of rotation, the model 
is unstable until the tire has travelled a sufficient length. At least three revolutions 
should be performed to ensure that the numerical results are reliable. Through the 
rolling tire analysis, tire wall deformations and stresses are exported as the 
intermediate solutions to serve as inputs in the following phases. 
5.3.2  Tire Modal Analysis 
Natural frequencies and mode shapes are essential tire vibration properties 
considered in the development of tire-pavement noise simulation model. They are 
related to the geometry and composition of the tire itself. In the tire modal analysis, 
the frequency response functions of the nodes on tire walls are determined, so that the 
tire responses to a certain frequency excitation can be derived. Numerical approaches 
in modal analysis have been explored by various researchers. An analytical method 
was developed by Soedel and Prasad (1980) to compute the natural frequencies and 
mode shapes of a tire in contact with pavement from the eigenvalues of non-
contacting tire. Kung et al. (1985) obtained the natural frequencies and mode shapes 
of a radial tire using the doubly curved thin shell elements with smeared-out 
properties of laminate composite materials. A computational strategy for high 
frequency response of tires was proposed by Brinkmeier and Nackenhorst (2008), 
focusing on the more efficient numerical treatment of large scale gyroscopic 




eigenvalue problems. The cross section modes and free wave propagation on a 
stationary tire was analyzed by Sabiniarz and Kropp (2010) using the waveguide 
finite element approach. 
From the mathematical perspective, the essence of modal analysis is to solve 
the eigen-problem defined in Equation (5.37). 
     K M                    (5.37) 
where [K] is the structure stiffness matrix, [M] is the structure mass matrix,    is 
the eigenvector, and λ is the eigenvalue. For a pre-stressed modal analysis, the stress 
stiffness matrix [S] is included in the [K] matrix.  
By definition, the eigenvalues are the roots of characteristic polynomial 
det([K]- λ[M]) = 0, while eigenvectors are the nontrivial solutions of Equation (5.37) 
corresponding to each λ. Efficient algorithms are available for solving Equation (5.37) 
in different conditions (Roger et al., 1994; Guo and Lancaster, 2005; Jarlebring et al., 
2012). The integrated scheme for large-scale gyroscopic eigenvalue extraction 
(Brinkmeier and Nackenhorst, 2008) is adopted in this study to generate the natural 
frequencies and mode shapes for rolling tires. 
The equation of vibration for stationary rolling state is: 
         0M u G u K u                  (5.38) 
where [G] is gyroscopic matrix and  u  is vibration displacement vector. With the 
time-harmonic assumption  i tu e z , a quadratic eigenvalue problem is derived: 
       2 0M i G K z                    (5.39) 
Based on the problem definition, it is assumed that [M] and [K] are symmetric, while 
matrix [G] is skew-symmetric. This assumption is generally valid if the friction forces 
on contact nodes are exclusive from the modal analysis. To take advantage of the ease 
and efficiency in implementation of linear eigenvalue solver, the quadratic problem is 
first linearized as: 
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               (5.40) 
For further mathematical treatment, an identity transformation is introduced (Tisseur 
and Meerbergen, 2001): 
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where        2Q M i G K        . 
Iterative process is performed to search for the solutions of Equation (5.40). 
With the above transformation, Equation (5.40) is reformulated as 
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where ζ is the shift value. The problem is then split into two equations 
1 2 2x b x                    (5.44) 
   2 1 2Q x Mb iG M b                   (5.45) 
Providing specific shift value ζ, x2 can be solved from Equation (5.45) with a direct 
solver, and x1 is next computed from Equation (5.44).  
Modal analysis is performed on the deformed tire geometry obtained from the 
rolling tire analysis and the pre-stress condition is loaded onto the deformed mesh. 
The frictional contact condition at tire-pavement interface is replaced by a bounded 
condition (i.e. degrees of freedom of all the nodes involving in contact are fixed) to 
eliminate the nonlinearity and asymmetry in numerical formulation. The mode shapes 
at frequencies up to 3000 Hz are extracted to describe tire wall vibrations in the 
subsequent mode superposition process. Modes at higher frequencies (larger than 
3000 Hz) are neglected as low-order modes were found by Kropp et al. (2012) to be 
responsible for tire/road noise generation. 




5.3.3  Tire Vibration Analysis 
When a tire is rolling on a road surface, its dynamic characteristics will create 
fluctuating forces that excite tire wall vibrations. Analytical and numerical models 
were extensively used in the studies of tire vibration behavior (Wai and Kai, 2004; 
Lopez et al., 2007; Rustighi et al., 2008; Waki et al., 2009). Mode superposition 
method (Bathe, 1996) is widely used in the literature due to its efficiency. This 
method is used in this study to predict tire vibration resulting from pavement texture 
excitations. The equation of motion is expressed as: 
          M u C u K u F                  (5.46) 
where [C] is the damping matrix and  F  is the load vector (explained later). A set of 
modal coordinates iy  is defined so that the displacement vector can be derived from 
all the mode shapes: 
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where  i  is the shape of mode i, and n  is the number of modes to be considered. 
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All the terms where i j  vanish due to the orthogonal condition of natural modes. 
Only the i j  terms remain in Equation (5.48): 
                  
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j j j j j i j j i jM y C y K y F                    (5.49) 
The coefficients of jy , jy  and jy  are derived as 
     1
T
j jM                     (5.50) 
     2
T
j j j jC                     (5.51) 





     2
T
j j jK                    (5.52) 
where ξj is the fraction of critical damping for mode j, and j j jK M   is the 
natural circular frequency of mode j. Substituting Equation (5.50), (5.51) and (5.52) 
into Equation (5.49), the equation of motion is obtained: 
   22
T
j j j i j i jy y y F                    (5.53) 
Equation (5.53) represents n uncoupled equations with n unknowns yi (i from 1 to n). 
Provided load vector  F , the modal coordinates yi can be efficiently solved and the 
displacement  u  can then be computed from Equation (5.47). 
It is noted that the load vector  F  in Equation (5.53) is the summation of 
the loads derived from critical modes and the nodal excitation forces resulting from 
pavement surface textures. The former is obtained from the tire modal analysis. The 
latter is computed through a static FE tire model using the measured texture spectrum 
as a displacement load applied onto the tire contact patch. This evaluation approach is 
based on the assumption that tire contact patch closely fits the pavement texture. This 
assumption generally holds when the road surface is not too rough, such that the local 
displacement caused by a particular vertex is small compared to the tire deformation 
in the contact patch due to vertical load (Rustighi et al., 2008). The reaction forces on 
tire tread are computed and the external nodal force spectrum which is applied on all 
the tire nodes in the tire-pavement contact patch is obtained. Together with the loads 
computed from the modal analysis, this provides the load vector  F  in Equation 
(5.53), from which tire wall displacements, vibration velocities and accelerations are 
computed in the frequency domain. 
5.3.4  BEM Acoustic Model 
The boundary element method is next used to simulate the sound propagation 
on porous pavement with tire vibration serving as the generation source. Fundamental 




BEM theories were introduced in Section 5.2.3.1. The same theory is applied in this 
BEM acoustic model and the porous pavement acoustic absorption model is 
integrated in the tire/road noise simulation. 
The deformed tire geometry generated from the earlier rolling tire analysis is 
imported into the BEM model with an acoustic mesh. The vibration velocities on tire 
surfaces obtained from the tire vibration analysis are then mapped onto the acoustic 
mesh. The porous pavement surface is modeled as an absorbent panel with a specified 
frequency-dependant acoustic impedance. The mass density of air is set to be 1.225 
kg/m
3
 and the sound velocity is 340 m/s. The acoustic pressure in air field around a 
rolling tire can then be computed together with other acoustic characteristics. The 
sound pressure level at CPX microphone positions is computed based on the acoustic 
pressure results obtained from the BEM simulation. It is a logarithmic measure of the 












Lp                 (5.54) 
where Lp is the sound pressure level, p is the root mean square of acoustic pressure at 
a specific position, and p0 = 20 μPa is the standard reference sound pressure. 
5.4  Calibration and Validation of Tire/Road Noise Simulation Model 
In this section, the tire/road noise simulation model developed in this study is 
calibrated and validated for both dense-graded and porous pavements using published 
experimental data in the literature (Schwanen et al., 2007). The sound pressure level 
spectra and overall noise levels are used in the calibration and validation processes to 
evaluate the fitness of numerical results comparing to measured data. The CPX noise 
measurements conducted by Schwanen et al. (2007) are adopted because of the clarity 
of test conditions and variety of pavement types. It is noted that the measurements are 
from the same set of field experimental studies used in the validation of acoustic 
representation of porous pavement in Section 5.2.3. 





5.4.1  Calibration of Tire/Road Noise Simulation Model 
The proposed model considers tire vibration to be the sole main contributor 
to tire-pavement noise emission. However, it is recognized that other tire/road noise 
generation mechanisms exist. Therefore, the developed model has to be calibrated to 
ensure that it can adequately capture these non-tire vibration mechanisms. Calibration 
can be achieved through an optimization process which adjusts the modal masses in 
the tire vibration analysis so that the simulated sound spectrum has an acceptable 
small error when compared against experimental measurement. The mode shape 
vector  i  for each mode i is unique in shape, but does not have a unique amplitude. 
It can be scaled when the ratios between vector elements are maintained constant. A 






                  (5.55) 
where ωi is the natural frequency of mode i . The scaling constant ai's are taken as the 
variables in the optimization process and the objective function is to minimize the 
difference between simulated and measured noise levels: 
min  s mz L L                  (5.56) 
where Ls is the simulated sound pressure level in an octave band, and Lm is the value 
measured in the same band. The summation is taken over 1/3 or 1/12 octave spectrum 
bands in the frequency range of 315 to 2500 Hz. In practice, thousands of modes 
contribute to tire vibrations. These modes are divided into groups based on the natural 
frequencies and an identical scaling constant is assigned to all the modes in the same 
group. It should be noted that a set of scaling constant ai is only valid for a particular 
combination of tire design and pavement surface. The model has to be recalibrated if 
tire characteristics or pavement properties vary significantly. 




5.4.2  Validation of the Model for Dense-Graded Asphalt Pavement 
After a proper calibration, the proposed model is next validated against noise 
measurements on conventional pavement sections with various surface textures. The 
CPX measurements conducted by Schwanen et al. (2007) are used for this purpose. A 
Continental slick tire (195/65R15) was tested in the noise measurements on a closed 
road paved with various types of surface layers. Only dense-graded surfaces with 
very low acoustic absorption coefficients (i.e. less than 0.1 in most of the interested 
frequency range) are involved in this section. Information of these examined non-
porous surfaces is presented in Table 5.1. CPX method specified in ISO 11819-2 
standard (ISO, 2013) was performed to measure the near field noise level. A vehicle 
with steady speed towed a trailer mounted with test tire, around which microphones 
were setup at specific close proximity positions. No enclosure was used around the 
tire since there was no other traffic at the test site. The distance between the test tire 
and the towing vehicle was more than 5 m to prevent the interference from towing 
vehicle noise. A-weighted equivalent sound level (both overall level and 1/3-octave 
bands) is measured along with vehicle speed. 
An FE tire model is built based on the geometry and property of test tire and 
its vibration characteristics are analyzed. Pavement surface texture was measured 
using laser profilometer on each section and the resulting texture level spectra were 
available in the project report by Schwanen et al. (2007). Force excitations on tire 
tread at the contact patch is generated based on the texture spectra. These force 
excitations induce tire vibrations, which provide the boundary conditions of BEM 
acoustic model in sound pressure computation. 
Wind had a significant influence on the low frequency noise measured in the 
test, because there is no enclosure used in the experiment. Measured noise data below 
300 Hz are considered erroneous and are therefore removed. The upper bound of 
interested frequency range is set to be 2500 Hz, which is restricted by computational 





capacity. Moreover, Cesbron et al. (2009) has shown that high frequency noise 
generated from air pumping and frictional effect is less dependent on pavement 
textures, therefore cannot be properly captured by the developed model. 
The noise level spectrum measured at 70 km/h traveling speed on an SMA 
surface with a medium texture depth (S20, MPD = 0.89) is used to calibrate the 
model. Comparisons between simulated and measured 1/3-octave band spectra are 
illustrated in Figure 5.8. Comparisons of overall noise levels are shown in Figure 5.9 
for all the examined non-porous sections. It is observed that, most simulations 
provide good estimations of noise spectra and overall noise levels. However, some of 
the predictions underestimate the overall noise levels. Further observations found that 
the underestimations happen on surfaces with relatively low MPD values. These 
errors may result from the absence of air-related mechanisms from the simulation 
model. Pavements with lower texture depth may generate more air-pumping noise, 
but this component is not sufficiently captured during model calibration as a high 
texture level surface was used. Therefore, it is necessary to recalibrate the model for 
pavement surfaces with low texture depths. 
The recalibration work was performed separately for high-texture pavements 
(MPD above 0.5 mm) and low-texture pavements (MPD below 0.5 mm). Noise 
measurement on a Stone Mastic Asphalt (SMA) surface (S20, MPD = 0.89) was used 
to calibrate high-texture model and that on a dense asphalt concrete (DAC) surface 
(S23, MPD = 0.46) was used for low-texture model. With this effort, two sets of 
calibrated parameters are made available for pavements with high texture depths and 
low texture depths respectively. Validation of high-texture and low-texture models 
were performed on the non-porous pavement sections shown in Table 5.1. The 
simulated and measured 1/3-octave spectra are illustrated in Figure 5.10, and the 
simulated overall noise levels and measured results are compared in Figure 5.11 and 
Table 5.2. It can be seen that with proper calibration, the developed model can predict 
the overall noise levels as well as the noise spectra on dense-graded pavements. The 




errors of overall noise levels are within ±2 dB(A) with the exception of one case and 
the predicted 1/3-octave spectra can basically describe the measured spectrum shapes. 
5.4.3  Validation of the Model for Porous Pavement 
The developed tire/road noise model is next validated for porous pavements. 
The CPX tire/road noise measurements conducted by Schwanen et al. (2007) on 
porous pavement sections are used for this task. Information of these porous surfaces 
is presented in Table 5.1 as well. The acoustic absorption coefficients of in-field 
porous pavements were determined by the extended surface method (ISO, 2002) in 
the experiment. The magnitude and phase of the complex acoustic impedance were 
also derived in the measurement, from which the real and imaginary components of 
acoustic impedance were calculated and then used as input parameters to describe the 
acoustic properties of porous pavement surfaces in the BEM acoustic model. Other 
test conditions were maintained the same as those on dense-graded pavements, such 
as the 195/65R15 slick tire, 3200 N axle load, 1.5 bar tire inflation pressure, and 70 
km/h traveling speed. 
The overall tire/road noise levels on porous pavements generated from the 
numerical model are compared against the experimental measurement as shown in 
Figure 5.12. It can be seen that the simulated results agree well with the experimental 
measurements. Also seen in Table 5.2, the differences between numerical and 
experimental overall noise levels are less than 2 dB(A) on all the porous pavement 
sections. Comparisons between measured and simulated 1/3-octave-band sound level 
spectra are illustrated in Figure 5.13. It is observed that the predicted spectra basically 
have similar shapes with the measured ones, with the same increasing and decreasing 
trend as frequency varies. However, there seems to be a shift between simulated and 
measured curves, especially for the absorption peaks (i.e. the valley of noise level 
spectrum). The predicted sound absorption peak commonly appears at a frequency 
about one 1/3-octave band lower than the measured noise reduction peak. The overall 





simulation results may fit the measurements better if the simulated curves were 
shifted to the higher frequency accordingly. 
To account for the frequency shift in simulated noise spectra, an optimization 
process is adopted to correct the simulation results. Two types of shifting functions 
are considered in this work, resulting in two objective functions. Type I is to multiply 
factor α onto the frequency variable of simulated noise spectrum function, while Type 
II is to apply a power β to the frequency variable. The optimization functions are 
shown below, corresponding to the two shifting types, respectively. 
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where S(f) is the regression function of simulated sound pressure spectrum and M(f) is 
the regression function of measured sound pressure spectrum. These functions could 
be derived by polynomial curve fitting after applying cubic spline interpolation on the 
simulated or measured 1/3-octave band noise spectrum. Table 5.3 shows the results of 
frequency shifting and the fitting quality after shifting. It is seen that both shifting 
functions can obtain an acceptable agreement between simulated and measured sound 
level spectra. From the Chi-square and R-square values, it is found that Type I has a 
slightly higher quality than Type II for most model validation cases. The corrected 
simulation results with Type I frequency shifting are illustrated in Figure 5.14. 
Compared to Figure 5.13, it is observed that the agreements between measured and 
simulated spectra have been significantly improved. 
A frequency shift between porous pavement acoustic absorption and noise 
reduction was observed in past experimental studies (Kuijpers et al., 2007; Peeters 
and Kuijpers, 2008). It was reported that the highest noise reduction occurs at a 
frequency approximately 10 - 15% higher respect to the peak in the acoustic 
absorption curve (Peeters et al., 2010). Based on the model validation results, it was 




concluded that the shifting effect of sound absorption is not appropriately addressed 
in the developed model. This may due to the adoption of the normal incidence 
acoustic impedance in BEM formulation, which presupposes a local type of reaction 
on the boundaries, i.e. sound propagation inside the material are neglected. However, 
this assumption may not be valid in the case of porous pavement because sound 
propagation within porous surface layer may have a significant influence on the 
resulted acoustic field. Therefore, porous pavement is an extended reacting surface 
instead of a local reacting surface. Its boundary condition is much more complex to 
be introduced in BEM formulation. A two-domain coupling approach was developed 
to take into account the sound propagation inside the porous medium (Sarradj, 2003). 
An alternative is to use grazing incidence approximate impedance in the traditional 
single-domain BEM based on the critical incidence angle (Anfosso-Lédée et al., 
2007). Both methods are still under development to date. Due to the software 
capability limitation, the extended reacting effect cannot be adequately considered in 
the present model and has to be addressed in future studies. 
5.5  Summary 
A numerical simulation model of tire/road noise on porous pavements was 
developed and validated in this chapter. The proposed model recognizes the fact that 
tire vibration is the most important noise generation mechanism and considers most 
of the critical issues associated with tire-vibration noise simulation for porous 
pavements. This includes the representation of pavement surface texture, rolling tire 
vibration characteristics, acoustic-structure coupling, sound propagation in free space, 
and most importantly, the acoustic absorption of porous pavements. 
Recognizing the critical issues to be addressed in the simulation model, the 
representation of acoustic absorption properties of porous pavements was identified 
as a major task in the development of entire tire/road noise model. The acoustic 
absorption coefficient can be derived from acoustic impedance. The application of 





numerical approaches to quantify the acoustic impedance of porous pavement based 
on its pore structure parameters was discussed. The representative phenomenological 
model and microstructural model were presented. Although different input 
parameters are used, the outputs from these two models are in close agreement with 
each other. Both can be used in the analysis of tire/road noise on porous pavements. 
The representation of acoustic absorption in BEM formulation was validated against 
experiments studying horn effect reduction on porous pavements. The modeling of 
porous pavement acoustic property using BEM was found to be adequate for 
applications. 
The porous pavement acoustic absorption model was next integrated into the 
tire/road noise simulation model which simulates the near-field noise measurement 
specified by the ISO 11819-2 standard (ISO, 2013). This model was designed to 
predict the rolling tire noise induced by pavement textures, focusing on the noise 
generated by tire vibrations. Four major steps are performed sequentially in the model 
simulation. First, the dynamic rolling tire analysis computes the deformations and 
stresses developed on tire walls in its rotation. The tire modal analysis next solves the 
natural frequencies and mode shapes of a rolling tire. The tire vibration analysis 
derives the tire vibration characteristics through the mode superposition approach, 
with the pavement texture spectrum serving as an excitation input. A BEM acoustic 
model is finally established to estimate the sound field around the tire, using tire wall 
vibration as the sound generation sources. The acoustic property of porous pavement 
is represented by the acoustic impedance measured in experiments or derived from 
mixture volumetric characteristics using either phenomenological or microstructural 
models. 
The entire tire/road noise model was next calibrated and validated against the 
published experimental data for both conventional and porous pavements. The 
simulation results were compared against CPX test results measured by Schwanen et 
al. (2007) on various pavement types using a slick test tire. It was found that a set of 




calibrated parameters is only valid for a particular combination of tire designs and 
pavement types. The model should be recalibrated for significantly different tires or 
pavement surface properties. It was concluded from model validation cases that with 
proper calibrations, the simulation results for dense-graded pavements agree well 
with the experimental measurements on both overall noise level and noise spectrum. 
The errors in overall noise levels are generally less than 2 dB(A) and the predicted 
1/3-octave spectra can basically fit well with the measured spectrum shapes. For 
porous pavements, the quality of sound level spectra prediction becomes lower with 
regard to the frequency of noise reduction peak. The predicted noise reduction peaks 
appear at lower frequencies compared with the measured results. This may due to the 
local reaction assumption and may be resolved by introducing the extended reacting 
effect into BEM formulation to incorporate the influence of sound propagation within 
a porous surface layer on its acoustic absorption characteristics. Nevertheless, the 
estimations of overall noise levels on porous pavements are still satisfactory and the 
corrected noise spectra with frequency shifting generally agree with measurements. 
The validation work illustrated the ability of the proposed model in predicting 
the acoustical performance of porous pavements. This model can be used to analyze 
the critical influencing factors in tire/road noise reduction on porous pavements and 
may provide useful and valuable information that otherwise is difficult to obtain in 
experiments. 





Table 5.1: Specification and properties of pavement surfaces used in model 











S01 ISO surface 30 0.39 89.0 
S02 thin asphalt layer 2/4 25 0.45 90.5 
S03 thin asphalt layer 2/6 25 0.56 91.0 
S04 thin asphalt layer 2/6 25 0.75 90.0 
S05 thin asphalt layer 4/8 25 0.93 89.5 
S19 SMA 0/6 20 0.52 80.5 
S20 SMA 0/8 25 0.89 82.0 
S21 SMA 0/11 30 1.11 85.5 
S22 SMA 0/16 40 1.38 85.5 
S23 DAC 0/16 40 0.46 87.5 
S40 surface dressing 5/8 N.A. 3.16 N.A. 
S41 surface dressing 11/16 N.A. 5.99 N.A. 
S24 porous 4/8 25 1.52 90.5 
S25 porous 4/8 50 1.58 88.5 
S26 porous 4/8 + porous 8/11 25+45 1.42 88.5 
S27 porous 4/8 + porous 8/11 25+35 1.51 88.5 
S28 porous 4/8 + porous 8/11 35+55 1.44 85.0 
S29 porous 8/11 90 2.08 86.0 
S30 porous 8/11 + porous 4/8 45+25 2.10 82.5 
S31 porous 8/11 45 2.16 85.5 
note: N.A. means test value is not available 




Table 5.2: Model validation results of overall noise levels on porous and 
nonporous pavements 
 







Dense-graded S01 86.2 85.5 -0.7 
 S02 83.4 82.2 -1.2 
 S03 84.0 82.7 -1.3 
 S04 84.7 86.2 1.5 
 S05 87.9 88.1 0.2 
 S19 86.1 85.4 -0.7 
 S20 89.8 88.6 -1.2 
 S21 91.6 90.7 -0.9 
 S22 92.8 92.2 -0.6 
 S23 88.4 87.3 -1.1 
 S40 97.4 93.4 -4.0 
 S41 100.3 100.0 -0.3 
Porous S24 91.1 90.4 -0.7 
 S25 88.6 87.5 -1.1 
 S26 87.8 87.7 -0.1 
 S27 87.7 87.3 -0.4 
 S28 87.1 86.0 -1.1 
 S29 90.5 89.5 -1.0 
 S30 91.1 89.9 -1.2 
 S31 94.6 93.3 -1.3 
 
 





Table 5.3: Results and quality of frequency shifts in simulated sound pressure 
spectrum correction 
 
 Type I  Type II 
 α min z χ2 R2  β min z χ 2 R2 
S24 0.897 9.11 0.12 0.963365  0.9851 9.70 0.12 0.961022 
S25 0.934 31.61 0.41 0.609621  0.9914 33.63 0.44 0.584610 
S26 0.967 26.91 0.35 0.541271  0.9969 27.57 0.36 0.530091 
S27 0.928 17.96 0.23 0.673844  0.9908 19.58 0.25 0.644579 
S28 0.871 3.17 0.04 0.946736  0.9810 3.36 0.05 0.943457 
S29 0.880 3.01 0.04 0.975527  0.9825 3.33 0.04 0.972874 
S30 0.885 6.24 0.08 0.942494  0.9829 7.75 0.10 0.928563 
S31 0.877 15.30 0.19 0.958581  0.9808 13.01 0.16 0.964775 





















Figure 5.1: Electro-acoustic representation of pore structure  










































Figure 5.4: Model validation results 
 
(a) Acoustic Impedance (b) Acoustic Absorption 
(a) Porous surface A, receiver A, 
source is 10 cm from the center 
(a) Porous surface A, receiver A, 
source is 15 cm from the center 
(a) Porous surface A, receiver B, 
source is 10 cm from the center 
(a) Porous surface B, receiver A, 
source is 10 cm from the center 
















Figure 5.7: Typical cross section of a smooth tire (Waki et al., 2009) 
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Figure 5.8: Illustration of simulated and measured 1/3-octave spectra on dense-



















































































(a) Model calibration (SMA, S20) (b) Model validation (SMA, S21) 
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Figure 5.10: Illustration of simulated and measured 1/3-octave spectra on dense-




Figure 5.11: Comparison between simulated and measured overall noise levels 






















































































































































(a) Model calibration (SMA, S20) (b) Model validation (SMA, S21) 
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Figure 5.12: Comparison between simulated and measured overall noise levels 
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Figure 5.13: Illustration of simulated and measured 1/3-octave-band spectra on 
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Figure 5.14: Corrected simulated sound pressure spectra on porous pavements 
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CHAPTER 6  ANALYSIS OF INFLUENCING FACTORS ON TIRE/ROAD 
NOISE OF POROUS PAVEMENT 
As discussed in Section 2.2.4, various factors in pavement design and vehicle 
operation can significantly affect the tire/road noise performance of porous pavement. 
Some critical variables are examined in this chapter for their effects on tire/road noise 
emission. The porosity and thickness of porous surface layers have been identified as 
crucial control parameters in porous pavement design. Pavement surface texture is the 
main excitation of tire vibration noise and travel speed is a critical factor in vehicle 
operation. The influences of all these factors on the acoustical performance of porous 
pavement are quantitatively investigated using the analysis framework and numerical 
simulation model developed in Chapter 5. The overall effect of existence of porous 
surface layer on tire/road noise is first examined through comparison between porous 
and nonporous pavements. The effects of above mentioned influencing factors are 
then studied individually. The analysis presented in this chapter can enhance further 
understanding in the reduction of tire/road noise on porous pavements and provide 
preliminary guidelines for porous pavement design considering the acoustical 
performance. 
6.1  Effect of Porous Surface Layer on Tire/Road Noise Performance 
Porous pavement technology was initially developed to improve wet-weather 
skid resistance, but its advantage in traffic noise reduction was soon recognized in the 
extensive applications. The major functional purpose of porous overlays adopted in 
Europe today is to control the noise emission level produced by high speed vehicles. 
This benefit becomes more attractive when considering the high expectation on living 
environment of the residents near roadways and the high expenses of other noise 
abatement alternatives such as noise walls. The major mechanism of noise reduction 
on a porous pavement comes from its acoustic absorption property, which reduces the 
reflected energy intensity after the sound wave incidents the pavement surface. The 





negatively orientated macrotexture may provide a smoother surface for pneumatic 
tires to travel on, mitigating the texture-induced tire vibrations. Most of the previous 
studies on the effectiveness of porous surfaces in tire/road noise reduction are 
experimental in nature (Younger et al., 1994; der Graaff et al., 2005; Kowalski et al., 
2009). This makes detailed analysis difficult, primarily due to the requirement of 
sufficiently long test pavement sections in the complex full scale field test. It is 
necessary to study this problem from a numerical perspective and apply an 
appropriate mechanistic analysis framework to predict the acoustical performance of 
porous and nonporous pavements under identical traveling condition. This section 
presents an illustrative case study to assess the overall effects of porous surface layer 
on tire/road noise and interpret how porous pavements reduce traffic noise in regular 
travel conditions. 
6.1.1  Description of the Hypothetical Problem 
Past experimental studies have proved that porous pavements produce lower 
tire/road noise than the conventional dense-graded pavements (Younger et al., 1994; 
der Graaff et al., 2005; Gibbs et al., 2005; Kowalski et al., 2009; Abbott et al., 2010). 
This fact is widely accepted and porous pavements are utilized around the world to 
abate traffic noise pollution. However, there is little improvement in the 
understanding of tire/road noise reduction mechanism. The expected noise reduction 
brought forth by a porous surface layer varies largely among studies and the 
contribution of different noise mitigation mechanisms to overall noise reduction is 
left investigated. Besides, the relationship between acoustic absorption coefficient 
and noise reduction remains unclear. The example illustrated in this section attempts 
to quantify the tire/road noise reduction brought forth by porous surface application 
while providing insight into major mechanisms. 
To investigate noise reduction on porous pavement, the developed numerical 
model is applied to quantify and compare the acoustical performance of porous and 




non-porous pavement surfaces. The following hypothetical problem is defined and 
analyzed [the values are obtained from in-field experiments performed by Schwanen 
et al. (2007)]: 
A high speed road facility in a residential area is to be rehabilitated using an 
asphalt overlay. Two alternatives are considered in the design phase where both are 
adequate in providing excellent skid resistance performance in wet weather: 
 Case I: an asphalt surface dressing with aggregate sizes between 5 and 8 mm; 
 Case II: a 50 mm thick porous asphalt wearing course with 8 mm nominal 
maximum aggregate size.  
The appearances of these two pavement types are illustrated in Figure 6.1. 
The surface texture profile of each overlay is measured by a laser profilometer on 
short trial sections and the mean profile depth (MPD) for Case I and Case II surfaces 
are determined to be 3.1 mm and 1.5 mm respectively. Surface texture spectra are 
derived from the measured profiles according to the ISO 13473-4 standard (ISO, 
2008) and the results are shown in Figure 6.2. Existing pavement surface is assumed 
to be acoustically hard, with a zero acoustic absorption for all frequencies. The 
measured absorption coefficient spectrum of Case II surface is shown in Figure 6.3. 
Tire/road noise emission is a critical property considered in the rehabilitation 
project. The acoustic performance of different alternatives are predicted to assist in 
the selection of overlay for noise reduction. The developed tire/road noise model is 
used to simulate CPX noise measurement in accordance to ISO 11819-2 standard 
(ISO, 2013). A Continental slick tire (195/65R15) is adopted in the simulations with 
an inflation pressure of 150 kPa and a wheel load of 3200 N. The CPX noise 
evaluation is based on a vehicle speed of 70 km/h, consistent with model calibration. 
6.1.2  Results and Discussions 
The surface texture and acoustic absorption of pavement are two critical input 
parameters in tire/road noise simulation. The differences in these variables on porous 





and non-porous surfaces are first discussed. Figure 6.2 presents the texture spectra of 
the two overlay types (Cases I and II). It was observed that the shapes of the spectra 
for Case I and II are similar, but the texture level amplitude on Case I is significantly 
higher than that on Case II in the wavelength range higher than 10 mm. This 
observation indicates that porous overlay can provide a smoother surface for vehicles 
to travel on, although it has more open air voids. This is resulted from the negative 
texture orientation. The Case I pavement surface is assumed to be perfectly reflecting, 
with zero acoustic absorption coefficient at all frequencies. The acoustic absorption 
coefficient of porous surface in Case II is shown in Figure 6.3, where two absorption 
peaks were found at the 800-1000 Hz and 2000-2500 Hz ranges. The primary 
absorption peak at 800-1000 Hz has a maximum coefficient of about 0.9, while the 
amplitude for the secondary absorption peak is about 0.6. Acoustic impedance is 
derived from the absorption coefficient and used as a direct input in the noise 
simulation model. 
The above presented texture spectra and acoustic absorption coefficients are 
next used as input into the developed and calibrated tire/road noise simulation model. 
The sound level spectra measured at CPX microphone positions are computed from 
numerical simulations and the overall noise levels are derived from spectrum outputs. 
The simulated results are shown in Figure 6.4. The overall noise level on porous 
asphalt surface is 87.6 dB(A), significantly lower than the 93.8 dB(A) on the surface 
dressing pavement. From the sound level spectra, it was observed that noise level is 
lower on porous surface compared to surface dressing overlay in the frequency range 
from 315 Hz to 2500 Hz. The most significant noise reduction on the porous surface 
happens at a frequency of about 1250 Hz. This frequency is slightly higher than the 
frequency of major acoustic absorption peak shown in Figure 6.3. The sound level 
difference at 1250 Hz is about 12 dB(A) for the two surface types. Another noise 
reduction peak happens around 2500 Hz, corresponding to the secondary sound 




absorption peak of porous surface. Generally, noise reduction is more significant at 
high frequencies (above 800 Hz) compared to that at low frequencies (below 800 Hz). 
The contributions of reduced texture level and increased acoustic absorption 
capacity are next analyzed separately. First, the effect of surface texture in inducing 
tire vibration noise is investigated by introducing a Case III surface that has the same 
surface texture as Case II pavement and a perfectly reflecting acoustic property (zero 
acoustic absorption). Properties of the three surface types are compared in Table 6.1. 
The predicted noise spectrum of the "perfectly acoustic hard pavement" (Case III), 
which has the same texture profile as a porous asphalt layer, is compared with the 
simulated spectra for Case I and Case II pavements in Figure 6.5. It is observed that 
the influence of texture difference on tire/road noise emission is insignificant. Some 
surface texture effects are observed at frequencies below 1000 Hz, while marginal 
differences occur at higher frequencies. The overall noise level on Case III pavement 
is 93.3 dB(A), slightly lower than the 93.8 dB(A) on surface dressing pavement. 
Therefore, it can be concluded that the smoother traveling surface produced by the 
negative texture orientation of porous pavement is only a secondary component in 
noise reduction. The mechanisms brought forth by the acoustic absorption capacity of 
porous surface layer should be the dominant contributors to tire/road noise reduction. 
This effect could be observed from the differences between the noise spectra of Case 
II and Case III surfaces (see Figure 6.5). 
As indicated by Naithalath et al. (2005), the interconnected pore network may 
affect tire-generated noise emission primarily through two mechanisms: the decrease 
in air pumping and the reduction in horn effect. The former occurs by permitting air 
to escape through the open voids within pavement surface layer. This mechanism is 
beyond the scope of this study. The later results from the absorption of sound energy 
during the multi-reflection process when sound waves propagate in the horn-shape 
geometry formed by tire tread and pavement surface. This effect is examined using a 
BEM model that predicts the reduction of horn effect on the Case II porous surface. 





This model is similar to the BEM model used in tire/road noise simulation, but with a 
stationary tire and a monopole sound source. The Continental slick tire (195/65R15) 
is placed on the pavements with and without sound absorbing capacity (e.g. Cases II 
and III surfaces). The tire surface is assumed to be acoustically hard. A monopole 
producing white noise is located on the center line of tire tread surface, 10 cm from 
the center of tire-pavement contact patch. This test configuration is sketched in Figure 
6.6, with receivers located at the microphone positions of CPX measurement. The 
effect of porous surface on sound absorption is captured by the differences in sound 
pressure levels on porous and non-porous surfaces. Figure 6.7 shows the results 
computed from the numerical simulations. The maximum reduction of horn effect is 
found at around 1000 Hz frequency. This agrees well with the frequency of major 
acoustic absorption peak shown in Figure 6.3. The level of noise reduction at this 
frequency is more than 15 dB(A). The noise reduction effect fluctuates at high 
frequencies and a secondary peak is observed at 2000 Hz. These findings indicate that 
the sound absorbing capacity resulted from the interconnected pores of porous 
pavement can significantly reduce the horn effect in tire/road noise emission and it 
should be the dominant contributor to the noise reduction on porous surfaces. It may 
be possible to optimize the acoustical performance of a porous pavement through 
adjusting its pore network structure. 
6.2  Effect of Influencing Factors on Porous Pavement Tire/Road Noise 
The effects of critical influencing factors on tire/road noise performance of 
porous pavements are analyzed in this section using an illustrative hypothetical case 
study. The examined variables include porosity, porous layer thickness, texture level 
and vehicle traveling speed. The analysis considers some interactions between 
different influencing factors. The hypothetical problem is first defined as a design of 
porous asphalt overlay. The tire/road noise emissions on the porous surfaces with 
various design parameters are then predicted by the proposed numerical model. The 




simulated results are then analyzed for each individual influencing factor. Several 
suggestions on porous pavement design are recommended based on the findings in 
this parametric study. 
6.2.1  Description of Hypothetical Problem 
A tangent highway section is considered to be rehabilitated by porous asphalt 
overlay to reduce tire/road noise. The existing dense-graded pavement surface is 
assumed to be acoustically hard, while the overlaid porous asphalt course should 
possess a sound absorbing capacity that can eliminate the noise emission for certain 
frequencies as well as the overall noise level. The porous overlay will have a uniform 
thickness. Various mixture designs with different porosities, porous layer thicknesses 
and surface textures are examined. The tire/road noise emissions are evaluated at 
different vehicle speeds to determine the best design for allowable speeds. The 
previously developed analysis framework in Chapter 5 is adopted for this purpose. 
The porosity levels examined in the parametric study should cover the normal 
porosity range of porous pavements employed in practice. As presented in Chapter 4, 
the typical porosity of a new porous surface layer usually ranges from 18% to 22% 
(Alvarez et al., 2011). Higher porosities up to 25% have also been used to enhance 
the benefits in skid resistance and tire/road noise (Alvarez et al., 2011). On the other 
hand, the porosity of porous pavements tends to decrease with time due to clogging. 
To cater for the deterioration of porosity with time, some agencies have adopted a 
design terminal value of 15% for porosity (Liu and Cao, 2009). Five porosity levels 
(i.e. 15%, 17.5%, 20%, 22.5% and 25%) are selected for this study based on the 
above values. 
The levels of porous layer thickness considered in this analysis should cover 
the normal range of porous surface layer thicknesses used in practice. It is found from 
extensive review of porous pavement projects that most porous layers used as 
overlays or wearing courses had thickness varying from 50 mm to 100 mm (Smith, 





1992; Moore et al., 2001). Besides, there are also instances where thin porous layers 
with a thickness of 25 mm were used (Smith, 1992). Porous surface layers in United 
States are commonly laid in an integer multiple of 1 inch (Moore et al., 2001). 
Therefore, the porous layer thickness levels examined in this study are selected as 25 
mm, 50 mm, 75 mm and 100 mm.  
The porous pavement surface texture levels considered in this study should 
represent the regular texture variations on porous surface in the field. It is difficult to 
conduct texture profile measurement on porous pavements due to the deep air voids at 
pavement surface, causing laser sensor to lose focus during high-speed measurement. 
Therefore, very limited experimental results on porous surface texture could be found 
in literature. Typical results from the in-situ measurements conducted by Schwanen et 
al. (2007) are adopted in this study to represent various texture levels on porous 
surfaces. Figure 6.8 shows four texture spectra obtained from this measurements and 
are used as excitation input in the noise prediction model. It is observed that large 
differences exist among porous surface textures, especially at the longer wavelength 
(i.e. lower frequency). Texture levels at shorter wavelength are less different because 
pavement microtexture mainly depends on the texture of individual aggregate instead 
of aggregate gradation. It is noted that type II texture shown in Figure 6.8 is identical 
with that of Case II in Figure 6.2 because they are measured on the same porous 
pavement surface. 
The vehicle traveling speeds considered in this work should cover the 
common operating conditions encountered on regular dry roadways. A speed step of 
10 km/h is adopted to develop the variation of tire/road noise with traveling speed. 
Six speed levels are considered in this study, i.e. 50, 60, 70, 80, 90 and 100 km/h. 
Neithalath et al. (2005) microstructural model introduced in Section 5.2.2.2 is 
adopted to derive the acoustical characteristics of each porous overlay surface. 
Besides porosity and porous layer thickness, other parameters such as the 
characteristic pore size, pore length, aperture length and aperture diameter are critical 




inputs to this model. An analytical approach is performed to establish models for 
specific porosity values or particular porous layer thicknesses. In an experimental 
study conducted by Losa and Leandri (2012), a regression relationship between pore 
length and pore size was proposed for porous asphalt concrete: 
63.892.1  pp DL         (6.1) 
Pore length (Lp) is related to characteristic pore size (Dp). Considering the porous 
layer thicknesses studied, the entire length of a pore unit is taken as 25 mm and 
aperture length are related to pore length by La + Lp = 25. Aperture diameter is 
assumed to be a quarter of pore size according to Neithalath (2005). In the analysis, 
pore wall thickness is fixed at 3.5 mm and the porous layer thickness is fixed at one 
of the four thickness levels. The characteristic pore size is closely related to porosity 
and is determined for each porosity level by a trial-and-error approach based on the 
relationships between pore structure parameters [i.e. pore size (Dp), pore length (Lp), 
aperture length (La) and aperture diameter (Da)]. The derived input parameters for 
each pavement design is presented in Table 6.2. There is 1 pore unit in the thickness 
direction for 25 mm thick porous surface layer, 2 pore units for 50 mm porous layer 
and so on so forth. With these pore structural parameters, the acoustic impedance and 
absorption coefficient of each porous overlay surface can be derived from Neithalath 
microstructure model.  
Pavement surface texture is related to porosity and pore size of porous layer. 
However, the effect of porosity and pore size on surface texture is beyond the scope 
of this work. Only the four selected typical texture profile levels shown in Figure 6.8 
are used in this study to isolate the effect of surface texture on tire/road noise 
emission. Vehicle speed also affects the texture level spectrum experienced by a tire 
traveling on the same road surface. Texture excitation spectra at different speeds can 
be derived from the relationship among speed, wavelength and frequency.  
vf           (6.2) 





where f is frequency (Hz), v is vehicle speed (m/s) and λ is wavelength (m). Basically, 
a texture spectrum will shift towards the higher frequency at a higher vehicle speed. 
Different vehicle speeds are used as inputs to the rolling tire analysis (see Figure 5.5) 
to compute the pre-stress condition, and deformed tire geometry under different 
traveling conditions. Tire vibration at each speed is then generated from tire vibration 
analysis with corresponding pavement texture excitation spectrum. The frequency-
dependent acoustic impedance of porous overlay is next used in the BEM acoustic 
model to predict its acoustical performance. The sound pressure spectra and the 
overall noise levels are obtained from numerical simulations and compared among 
alternative porous overlays. 
6.2.2  Influence of Porosity 
Past experimental studies have shown that porous surfaces with different 
porosities and pore structures may present quite different acoustical characteristics 
(Schwanen et al., 2007). However, the quantitative effect is still unclear. Section 6.1 
had shown that the significant noise reduction on porous pavement surfaces is mainly 
a result of the pavement acoustic absorption ability. Therefore, porous pavement 
design should also consider the influence of porosity on its acoustic property if traffic 
noise reduction is one of the primary purposes of porous surface application. This 
section analyzes the porosity effect based on numerical results of tire/road noise 
simulation model. The efforts focus on the estimation of surface acoustic absorption 
of different porous surface layers and the prediction of rolling-tire noise levels on 
each surface. 
The acoustic absorption coefficients of alternative porous mixture designs 
with various porosities are derived from Neithalath et al. (2005) model. The results 
for the 50 and 100 mm porous layer thickness are illustrated in Figure 6.9. It can be 
observed that porosity does not have a significant influence on the peak absorption 
frequency, although the absorption peak shifts slightly towards the lower frequency 




side with an increase in porosity value. However, porosity does affect the magnitude 
of primary absorption peak. In the examined porosity range (15% - 25%), the 
maximum acoustic absorption coefficient decreases with an increase in porosity. The 
relative reduction at primary absorption peak is about 25% when the porosity 
increases from 15% to 25%. This is mainly a result of declination in the real 
component of acoustic impedance, which represents the resistive part of energy lost. 
The decrease of acoustic absorption with porosity increase may seem counterintuitive 
at the first glance, but it is reasonable and inevitable when considering the 
mechanisms of Neithalath's model. The increase of porosity comes from two parts in 
the microstructure model, the increase of pore size and the decrease of aperture length. 
The impedance of air inside the pores is modeled as a resistor, which is inversely 
related to the pore size. The frictional losses of sound energy occur mainly in the 
apertures, thus the reduced aperture length also leads to a reduced absorption. These 
results are consistent with the observations by Neithalath et al. (2005). Comparing 
with the acoustic coefficients of 50 mm thick porous layers, it was found that the 
primary absorption peaks occur at lower frequencies and a secondary absorption peak 
appears at around 2200 Hz on 100 mm porous layers. 
Figure 6.10 demonstrates the noise spectra generated by a rolling slick tire on 
the various porous surfaces shown in Figure 6.9, subjected to the identical Type II 
texture level as shown in Figure 6.8. The acoustical performance of a perfectly 
acoustic hard surface with the same texture level (i.e. Case III surface as shown in 
Table 6.1) is also generated numerically and plotted as a basis for comparison. It is 
seen that, with the same thickness, porous surfaces produce similar tire rolling noise 
spectra, although different porosity values exist in the porous mixtures. Taking the 50 
mm case [Figure 6.10 (a)] as an example, all the five sound pressure level spectra 
have similar shapes with the maximum noise reductions occurring at around 1600 Hz. 
The maximum noise reductions may result from the peak sound absorbing capacity of 
porous pavements, which happens at about 1400 Hz [see Figure 6.9 (a)]. Considering 





the frequency-shift correction factor, the noise reduction peak agrees with the sound 
absorption peak. The differences in the magnitudes of sound pressure spectra on 
various surfaces are quite marginal at frequencies below 800 Hz, but are more 
significant at higher frequencies, especially at the peak noise reduction frequency. In 
the examined porosity range, sound pressure level at about 1600 Hz increases with 
the increase of porosity value. The difference is about 3 dB(A) when porosity 
increases from 15% to 25%. The situation on 100 mm thick porous surface layers is 
similar to that on 50 mm ones, except that the primary noise reduction peaks happen 
at a lower frequency around 800 Hz. It is also observed that the spectrum shapes are 
significantly different between 50 mm and 100 mm thick porous courses. The 
influence of porous layer thickness on tire/road noise reduction will be discussed in 
detail in the next sub-section. 
Figure 6.11 compares the simulated overall noise levels emitted from a tire 
rolling on various porous pavement surfaces. Noise level of the perfectly acoustic 
hard surface is also shown in the figure as a shaded bar for comparison. It can be seen 
that for the same porous layer thickness, the overall noise level increases with the 
increase in pavement surface porosity. For pavements with 50 mm thick porous layers, 
the overall noise level is 87.50 dB(A) at 15% porosity, and 88.74 dB(A) at a porosity 
value of 25%. For pavements with 100 mm thick porous layers, the overall noise 
level at 15% and 25% porosity is 85.02 dB(A) and 86.14 dB(A) respectively. The 
differences in overall noise levels due to porosity variations for both thickness levels 
are more than 1 dB(A). A research study in New Zealand (Dravitzki, 2006) has 
indicated that a 1 dB(A) change in overall noise level could be noticeable and 
annoying to public, especially when the existing noise level is high, refuting the 
previous understanding that a noise change of 3 dB(A) is just noticeable to most 
people. Taking this into consideration, it can be concluded that although the 
difference in overall noise level brought forth by altering the porosity value of porous 
surface layer may not be significant, it may still be beneficial to public. 




To summarize, with the same pavement texture and porous layer thickness, 
tire/road noise on porous surfaces increases with an increase in porous layer porosity 
in 15% to 25% porosity range and the increasing trend is generally linear. Porosity 
variation does not alter the noise spectrum shape much at 1/3 octave bands. A porous 
mixture design with a lower porosity should be adopted from the perspective of 
tire/road noise reduction, provided the premise of sufficiently superior frictional 
performance and clogging resistance durability. 
6.2.3  Influence of Porous Layer Thickness 
In addition to porosity, the thickness of porous surface layer is also a critical 
factor in porous pavement design that can affect the acoustical characteristics of a 
porous pavement system. At least two effects are brought forth through variations in 
porous layer thickness. Firstly, a thicker porous course may be capable to dissipate 
more acoustic energy in the sound propagation process, since the sound wave has 
travel a longer distance within the porous medium. Secondly, the difference in porous 
layer thickness may alter the spectrum shape of acoustic absorption coefficient, 
making the absorption peak appear at a different frequency or changes the number of 
peaks in the 300 to 2500 Hz frequency range (Wai and Kai, 2004; Losa and Leandri, 
2012). Therefore, it is possible to adjust porous layer thickness during the design 
phase to optimize traffic noise reduction. For this purpose, the influence of porous 
layer thickness on tire/road noise performance of porous pavements is analyzed using 
the developed numerical simulation model. Similar to the previous sections, research 
efforts are also focused on estimating the surface acoustic impedance of various 
porous surfaces and predicting the rolling-tire noise levels on each surfaces using the 
derived acoustic properties. 
Figure 6.12 illustrates the absorption coefficients of porous pavements with 
various surface layer thicknesses, at three porosity levels. It is seen from the figure 
that porous layer thickness significantly affects peak absorption frequency. This may 





be due to the interferences and phase differences between the sound wave traveling 
directly from source to receiver, wave reflected by pavement surface and wave 
penetrating into porous layer and reflected by the dense-grade base (Abbott et al., 
2010). The primary absorption peak moves towards lower frequency due to the 
increase in porous layer thickness. The peak absorption occurs at about 2200 Hz on a 
25 mm thick porous pavement surface and appears at about 700 Hz on a 100 mm 
thick porous layer. Along with the primary absorption peak shifting to lower 
frequency, a secondary peak may appear in the interested frequency range from the 
higher frequency side. Such a secondary peak can be observed on 100 mm porous 
layer at about 2200 Hz. Furthermore, porous layer thickness also affects the 
magnitude of absorption coefficient. In the examined range of porous layer thickness, 
the maximum acoustic absorption coefficient increases with the increase of porous 
layer thickness. The relative increase in primary absorption peak is about 20% when 
porous layer thickness increases from 25 mm to 100 mm. This is expected because 
more acoustic energy will dissipate when the sound wave travels a longer distance in 
the porous pavement layer. 
Figure 6.13 illustrates the simulated noise spectra on porous pavements with 
various surface layer thicknesses and porosity values, subjected to the identical Type 
II texture level as shown in Figure 6.8. The acoustical performance of a perfectly 
acoustic hard surface (i.e. Case III in Table 6.1) is also shown in the figure. It can be 
seen that porous pavements may generate very different tire rolling noise spectra if 
porous layers with different thicknesses are used in pavement construction or 
rehabilitation, despite the same porosity level. Taking the case of 20% porosity [see 
Figure 6.13 (b)] as an example, the sound spectrum shapes differ from each other 
with the maximum noise reduction occurring at different frequencies. The primary 
noise reduction peak moves towards the lower frequency with the increase of porous 
layer thickness, appearing at 2500 Hz, 1600 Hz, 1000 Hz and 800 Hz, respectively, 
for porous layer with a 25 mm, 50 mm, 75 mm and 100 mm thickness. As previously 




observed, the maximum noise reduction may result from the peak sound absorbing 
capacity of a porous pavement. From Figure 6.12 (b), the peak absorption frequency 
is observed to be around 2200 Hz, 1400 Hz, 900 Hz and 700 Hz for porous surfaces 
with 25, 50, 75 and 100 mm thicknesses respectively. Taking the frequency-shift 
correction factor into consideration, the frequencies of noise reduction peaks agree 
with the frequencies of sound absorption peaks. Sound pressure level differences on 
various porous surfaces are insignificant at frequencies below 630 Hz, but are large at 
higher frequencies [up to 10 dB(A) for some particular frequencies]. Similar 
observations can be made on porous surfaces with 15% and 25% porosities, with 
slight differences in sound level magnitudes. 
Figure 6.14 compares the overall noise levels emitted from a slick tire rolling 
on different porous pavement surfaces. Noise level on the perfectly acoustic hard 
surface is also shown in the figure. The overall noise levels are derived from the 
simulated spectra in Figure 6.13. It is seen that, for the same porosity level, the 
overall noise level decreases with an increase in porous layer thickness. The noise 
reduction performance of porous pavement is superior with thicker porous layer. For 
pavements with a 15% porosity, the overall noise level is 89.08 dB(A) when the 
porous layer thickness is 25 mm, and 85.02 dB(A) when the thickness is 100 mm. 
The overall noise levels at 25 and 100 mm porous course thickness are 89.77 and 
85.58 dB(A) for 20% porosity and 90.45 and 86.14 dB(A) for 25% porosity, 
respectively. The difference in overall noise levels due to porous layer thickness 
variations is more than 4 dB(A) in the examined thickness range. This is much more 
significant than the influence of porosity on tire/road noise. The dependency of noise 
reduction on porous layer thickness is nonlinear. The noise level difference between 
50 mm and 75 mm is about 0.8 dB(A), while it is around 1.5 dB(A) when porous 
layer thickness increase from 25 to 50 mm or from 75 to 100 mm. This indicates that 
50 mm thick porous layer may be the most cost effective for tire/road noise reduction. 





100 mm porous layer could be used to enhance the noise reduction only when the 
additional material cost is reasonable. 
The above observations indicate that tire/road noise on porous surfaces 
decreases with an increase in porous layer thickness with a nonlinear trend when 
porosity and texture are maintained identical. Porous layer thickness significantly 
affects the noise spectrum shape, making the noise reduction peak move towards a 
lower frequency as the porous layer thickness increases. Porous pavement design 
with a thicker porous surface layer could be adopted in the perspective of tire/road 
noise reduction if material cost is acceptable. 
6.2.4  Influence of Pavement Surface Texture 
Pavement surface texture is directly involved in the tire-pavement interaction, 
affecting not only friction but also tire/road noise. Surface texture essentially results 
from composition and property of pavement materials, especially the size, gradation 
and angularity of aggregates. It varies with pavement age and traffic loading, due to 
weather impact and tire abrasion. The porous surface texture characteristics have two 
opposing influences on tire/road noise generation. The negative texture orientation 
formed by large aggregates provides a flat traveling surface, which can mitigate the 
tire-pavement impact occurring at contact patch. On the contrary, due to the adoption 
of larger aggregates and open air voids on pavement surface, porous pavement may 
exhibit a more aggressive texture profile, which increases texture level and enhances 
excitation on tire vibration. Although it is expected that surface texture is related to 
the porosity and pore size of pavement material, it is also observed that pavements 
with the same porosity value may possess different surface texture levels and result in 
different noise levels (Schwanen et al., 2007). Besides, the texture level of an 
identical pavement varies in its service life, causing differences in tire/road noise 
emission as well. Therefore, it is necessary to investigate the influence of pavement 




surface texture on rolling tire noise, independently from porosity, porous layer 
thickness and other material properties. 
Figure 6.15 shows the noise spectra produced by a rolling slick tire on porous 
pavements with various surface texture levels and identical acoustical characteristics, 
derived for the case of 20% porosity and 50 mm thickness. It is found that, with the 
same porosity value and porous layer thickness, porous pavements may generate very 
different tire/road noise levels if different surface textures are exhibited by porous 
layers. The spectrum shapes differ marginally from each other, with all the maximum 
noise reductions happening at the same frequency (around 1600 Hz in the illustrated 
case). This may be a result of the similar texture spectrum shapes as shown in Figure 
6.8 and the identical acoustic absorption coefficient for all surfaces. The magnitude of 
sound pressure levels vary significantly on different surfaces. The differences at some 
particular frequencies can be as high as 15 dB(A). They tend to be larger at low 
frequencies and smaller at very high frequencies. 
Figure 6.16 compares the overall noise levels generated by a rolling slick tire 
on different porous pavement surfaces. The overall noise levels are derived from the 
sound level spectra shown in figure 6.15. It is seen that, for pavements with the same 
porosity and porous layer thickness, the overall noise level increases with the surface 
texture level. For the illustrated case (20% porosity and 50 mm porous layer 
thickness), the overall noise level is 91.03 dB(A) on Type I porous surface and 77.27 
dB(A) on Type IV surface. The difference is 13.76 dB(A). This difference is very 
significant in the sense of traffic noise reduction. However, considering the need for 
recalibration of the proposed tire/road noise prediction model for pavements with 
largely different texture levels (as discussed in Section 5.4.2), the result presented 
may overestimate the effect of pavement surface texture on tire/road noise. Besides 
the texture level spectrum, the mean profile depth (MPD) of each porous pavement 
was also measured in the experiment. Figure 6.16 (b) shows the variation of overall 
noise level with MPD value. It is obvious that tire/road noise level increases with an 





increase in porous surface MPD in a nonlinear manner. The overall noise level 
increases faster at lower MPD values. 
The above observations indicate that tire/road noise on porous surfaces 
increases with the increase in surface texture level and mean profile depth. Pavement 
surface texture does not alter the noise spectrum shape much, but it determines the 
magnitude of noise level. Porous surface with a lower macrotexture level should be 
used on the purpose of tire/road noise reduction if it does not adversely affect skid 
resistance. 
6.2.5  Influence of Vehicle Speed 
Sections 6.2.2 to 6.2.4 had discussed the influence of porous pavement 
properties on tire/road noise emission. Besides pavement surface, vehicle also plays 
an important role in the generation of tire/road noise. Vehicle traveling speed may be 
the most crucial vehicle-related influencing factor and is investigated in this section. 
Vehicle speed affects noise generated through both tire vibration mechanisms and 
aerodynamic mechanisms. Two effects can be directly captured by the developed 
simulation model: changes in tire modes resulted from rotational speed variation and 
alterations in texture spectrum due to translational speed variation. The deformed 
geometry of a rolling tire also changes with vehicle speed. It has been observed in the 
experimental studies that tire/road noise increases when a vehicle travels at a higher 
speed on conventional pavements. This is expected because tire vibrates more 
violently at higher rotation speed and impacts with pavement surface more heavily. 
Besides, air pumping effect is more intense at higher speed as well. A log-linear 
relationship between vehicle travel speed and overall tire/road noise level had been 
developed on various dense-graded pavements (Sandberg and Ejsmont, 2002) (as 
illustrated in Section 2.2.4.1). Although the increasing trend should be maintained on 
porous pavement, the log-linear relationship may not be adequate with the same 
parameters. This section attempts to analyze this problem numerically, examining the 




influence of vehicle speed on tire/road noise emitted on porous pavements. Noise 
levels at different vehicle speeds on various porous surfaces are estimated through 
numerical simulations. Results are analyzed to develop the relationship between 
speed and noise level on porous pavements. 
The noise spectra generated by a rolling slick tire at various vehicle speeds on 
a porous pavement surface with a 50 mm layer thickness and 20% porosity are shown 
in Figure 6.17(a). It is observed that the spectrum shapes of tire/road noise at different 
traveling speeds are similar on the same porous pavement, but their magnitudes are 
quite different. All the six spectra have troughs around 1600 Hz, indicating the 
maximum noise reduction on the particular pavement surface resulted from its peak 
absorbing capacity. The spectrum of lower vehicle speed is below that of higher 
speed. The differences between sound pressure levels are larger at higher frequencies. 
The noise level difference at 350 Hz is 4.7 dB(A) when vehicle speed increases from 
50 km/h to 100 km/h, while it is 13.2 dB(A) at 2500 Hz for the same speed increment. 
It was also observed that the increasing rate of noise spectrum magnitude is larger at 
lower vehicle speeds and gets smaller with an increase in speed. 
Figure 6.17(b) illustrates the overall noise levels emitted from a rolling tire 
traveling at different speeds on an identical porous pavement surface (20% porosity 
and 50 mm thickness). The overall noise levels are derived from the simulated sound 
level spectra shown in Figure 6.17(a). It is observed from the figure that on the same 
porous pavement, the overall noise level increases as the vehicle speed increases. For 
the porous surface layer with a 50 mm thickness and 20% porosity, the overall noise 
level is 83.15 dB(A) at 50 km/h traveling speed and 91.66 dB(A) at 100 km/h, 
resulting in an increment of 8.51 dB(A). Such a difference is very significant in the 
perspective of traffic noise control, therefore, reducing traveling speed is an effective 
measure to reduce traffic noise in highly residential areas. Comparing the noise levels 
between each pair of adjacent speeds, it was found that the difference is significantly 
larger at lower speeds. This is consistent with the observation from sound level 





spectra in Figure 6.17(a). The overall noise level grows 3.14 dB(A) when vehicle 
speed increases from 50 km/h to 60 km/h, but only 0.79 dB(A) from 90 km/h to 100 
km/h. 
Figure 6.18 shows the increase in overall noise levels with vehicle speed for 
different porous pavements with identical porous layer thickness (50 mm) but various 
porosity values. It is observed that overall noise level increases with vehicle speed in 
a similar nonlinear manner for all the tested surfaces. When vehicle speed increases 
from 50 km/h to 100 km/h, the overall noise level increases by 8.02 dB(A) on a 
porous surface with 15% porosity and 9.03 dB(A) on a surface with 25% porosity. 
The rate of increase is larger at lower speeds and gets smaller at higher speeds. The 
difference between 15% and 25% porosity is 0.74 dB(A) at 50 km/h vehicle speed 
and 1.75 dB(A) at 100 km/h. Influence of porosity on overall noise level is basically 
uniform. This is consistent with the linear increasing trend observed from Figure 6.11. 
Figure 6.19 shows the variation in overall noise levels with vehicle speed on 
porous pavements with identical porosity value (20%) and different porous layer 
thicknesses. The overall noise level increases with vehicle speed in a nonlinear 
manner for all the tested porous surfaces. When vehicle speed increases from 50 km/h 
to 100 km/h, overall noise level grows 7.85 dB(A) for 25 mm porous layer thickness 
and 9.05 dB(A) for 100 mm case. The increasing rate of overall noise level with 
increasing vehicle speed is larger at lower speed. On the other hand, difference in 
overall noise level between different porous layer thicknesses is larger at lower 
speeds. The difference between 25 mm and 100 mm porous layer thicknesses is 4.74 
dB(A) at 50 km/h and 3.54 dB(A) at 100 km/h. It was also observed that the influence 
of porous layer thickness on overall noise level is unequal. The difference between 50 
mm and 75 mm thicknesses is less than that between 25 mm and 50 mm, as well as 
that between 75 mm and 100 mm. 
The curves in Figures 6.18 and 6.19 suggest a potential log-linear relationship 
between tire/road noise level and vehicle speed on porous pavements. The traditional 




noise-speed model as shown in Equation (2.26) seems to be valid on porous surfaces. 
Linear regression method is used to determine the log-linear relationship in 
describing the noise increase with vehicle speed on porous pavements. The regression 
results are shown in Table 6.3. It is seen that all the R-square values are larger than 
0.95, indicating good agreements between empirical model and numerical model. 
Concluded from the above observations, tire/road noise on a particular porous 
pavement increases with vehicle speed in a log-linear manner. The variations in 
vehicle speed do not significantly affect noise spectrum shape, but they have an effect 
on sound level magnitude. The influence of vehicle speed on tire/road noise is 
slightly larger on the pavement with a higher porosity and a thinner porous layer. The 
effect of porosity on noise reduction is more significant at higher speeds, while the 
influence of porous layer thickness is larger at lower speeds. In porous pavement 
design, speed variation on road should be taken into consideration to optimize the 
acoustic performance of a pavement surface. 
6.3  Summary 
This chapter investigated the effects of several critical influencing factors of 
tire/road noise on porous pavements using the developed numerical simulation model. 
The parametric study is defined based on hypothetical cases with surface texture 
levels measured on field porous pavements (Schwanen et al., 2007) and acoustical 
properties derived from microstructural model (Neithalath et al., 2005). 
The simulation model was first adopted to study the overall effect of porous 
pavement layer on tire/road noise emission. This application attempted to quantify 
and interpret the reduction of tire/road noise achieved by employing porous surfaces, 
comparing with conventional dense-graded surfaces. Sound pressure level spectra and 
overall noise levels on the two surface types were compared. The illustrative case 
study proved that porous pavement is effective in reducing tire/road noise level, 
especially at higher frequency. The difference in the overall noise level is 6.2 dB(A) 





between the examined surfaces, and the sound pressure level is the lowest on porous 
surface. It was also observed that the most significant noise reductions on porous 
pavements happen at the frequencies slightly higher than the peak of acoustic 
absorption coefficient. The dominant contributor to noise reduction on porous 
pavements was identified as the sound absorbing capacity resulted from the 
interconnected air voids within porous surface layers, while the smoother traveling 
plane resulted from negative texture orientation is a secondary component in tire/road 
noise abatement. 
The developed numerical framework was next used to analyze the influences 
of crucial pavement characteristics and vehicle operating conditions on tire/road noise 
emission. The numerical model enables systematic study on the effects of individual 
factors (e.g. porous layer porosity, porous layer thickness, pavement surface texture 
and vehicle speed) through a hypothetical case study. Several findings were obtained 
from the simulations and analyses conducted in this study: 
 Tire/road noise on porous pavements increases with an increase in 
surface layer porosity in a linear manner for the porosity range of 15% to 25%, 
provided identical pavement texture and porous layer thickness. The noise spectrum 
shapes remain similar on pavements with identical porous layer thickness but 
different porosity values. The influence of porosity is more obvious near the noise 
reduction peak. The noise reductions resulted from a specific porosity variation are 
similar for different porous layer thicknesses. 
 Tire/road noise on porous pavements decreases with an increase in 
porous layer thickness in a nonlinear manner, provided identical texture and porosity. 
Differences in noise levels are less significant between pavements with 50 mm and 75 
mm porous layers. Variations in porous layer thickness alter the shape of noise 
spectrum. Noise reduction peak moves towards lower frequencies with the increase in 
porous layer thickness. The benefits of increasing porous layer thickness are slightly 
more substantial for porous pavements with higher porosities. 




 Tire/road noise emission on porous pavements increases with an increase 
in pavement surface texture level and mean profile depth when porosity and thickness 
are identical. The increasing trend with MPD is nonlinear. The variations in pavement 
surface texture marginally affect the noise spectrum shape, but significantly alter the 
noise level magnitude. The influence of surface texture is more obvious at lower 
frequencies. 
 Tire/road noise on a particular porous pavement increases with vehicle 
speed in a log-linear manner. Speed variation hardly affects the noise spectrum shape, 
but it does influence the sound level magnitude. The effect of vehicle speed on 
tire/road noise is slightly larger on pavements with higher porosities and thinner 
porous layers. 
Based on these findings, some recommendations could be made for porous 
pavement design from the standpoint of tire/road noise reduction. A lower porosity 
value in the normal porosity range (i.e. 15% to 25%) should be adopted in the porous 
surface layer to better utilize its advantages in sound absorption, provided that there is 
sufficient skid resistance performance and clogging resistance durability. It not only 
mitigates tire/road noise more effectively, but also reduces the adverse effect of 
increasing vehicle speed on tire/road noise emission. Thicker porous layer should also 
be adopted in pavement design for the same reasons if cost effectiveness is acceptable. 
It is crucial to maintain the negative texture orientation on porous pavement surfaces 
and reduce the profile level of macrotexture to further decrease tire/road noise level. 
Moreover, speed variations on the road should also be taken into consideration to 
optimize the acoustical performance of a porous pavement surface. 





Table 6.1: Properties of examined pavements 
 
Pavement Surface type Texture spectrum 
Acoustic 
absorption 
Case I Asphalt surface dressing Case I in Figure 6.2 0 
Case II Porous asphalt Case II in Figure 6.2 Figure 6.3 















15.0% 3.350 0.838 15.062 9.938 
17.5% 3.742 0.936 15.815 9.185 
20.0% 4.130 1.033 16.560 8.440 
22.5% 4.505 1.126 17.280 7.720 




Table 6.3: Logarithmic linear models for speed-dependency of overall noise level 








15.0% 50 38.449 26.438 0.976 
17.5% 50 37.013 27.375 0.970 
20.0% 50 35.718 28.247 0.978 
22.5% 50 34.425 29.111 0.981 
25.0% 50 32.919 30.104 0.981 
20.0% 25 41.758 25.859 0.967 
20.0% 75 33.963 28.733 0.977 
20.0% 100 30.079 29.906 0.978 
 















Figure 6.3: Acoustic absorption coefficient of Case II surface (porous asphalt) 
 




ISO standard 13473-4 
stationary set up with a laser sensor 


























































































































































ISO standard 11819-2 
CPX noise measurement 

































ISO standard 11819-2 
CPX noise measurement 
slick tire, 70 km/h 
 
perfect acoustic 
hard surface (Case III) 


























































































stationary slick tire 
source and receiver position: Figure 6.6 






Figure 6.8: Illustration of typical surface texture profile levels on porous 




Figure 6.9: Acoustic absorption coefficient of different porous mixtures derived 




































































derived from microstructure model 









parameters shown in 
Table 6.2 
(a) 50 mm porous layer thickness 






































ISO standard 13473-4 
sampling interval: 0.2 mm 
Surface type: 
 
Type I: PAC 8/11 
Type II: PAC 4/8 
Type III: PAC 2/6 
Type IV: PAC 2/4 
 

































































(a) 50 mm porous layer thickness 
Test condition: 
ISO standard 11819-2 
slick tire, 70 km/h 






perfectly acoustic hard surface 
(b) 100 mm porous layer thickness 
Test condition: 
ISO standard 11819-2 
slick tire, 70 km/h 








perfectly acoustic hard surface 







































(a) 50 mm porous layer thickness 
Test condition: 
derived from Figure 6.10(a) 
ISO standard 11819-2 
slick tire, 70 km/h 


































(b) 100 mm porous layer thickness 
Test condition: 
derived from Figure 6.10(b) 
ISO standard 11819-2 
slick tire, 70 km/h  









Figure 6.12: Acoustic absorption coefficient of different porous surfaces derived 






















































(a) 15% porosity 
Test condition: 
derived fro  
microstructure model 




























































































































































































(a) 15% porosity 
Test condition: 
ISO standard 11819-2, slick tire, 70 km/h 






perfectly acoustic hard surface 



















































ISO standard 11819-2, slick tire, 70 km/h 
Type II texture shown in Figure 6.8 
100 mm 
75 mm 50 mm 
25 mm perfectly acoustic hard surface 



















































ISO standard 11819-2, slick tire, 70 km/h 
Type II texture shown in Figure 6.8 
100 mm 75 mm 50 mm 
25 mm perfectly acoustic hard surface 





Figure 6.14: Overall tire/road noise levels for porous pavements with different 






































derived from Figure 6.13(a) 
ISO 11819-2, slick tire, 70 km/h 




































derived from Figure 6.13(b) 
ISO 11819-2, slick tire, 70 km/h 
Type II texture shown in Figure 6.8 





































derived from Figure 6.13(c) 
ISO 11819-2 
slick tire 
 70 km/h 
Type II texture  











































(a) overall noise level vs. texture type 
Test condition: 
derived from Figure 6.15 
ISO standard 11819-2 
slick tire, 70 km/h 
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(b) overall noise level vs. mean texture depth 
Test condition: 
derived from Figure 6.15 
ISO standard 11819-2 
slick tire, 70 km/h 


















































ISO standard 11819-2, slick tire, 70 km/h 
50 mm thickness, 20% porosity 
 
Type III Type IV 
Type II 
Type I 





Figure 6.17: Variation of tire/road noise with vehicle speed on a porous 
pavement with 50 mm porous layer thicknesses and 20% porosity 

















































ISO standard 11819-2, slick tire, Type II texture, 










































derived from Figure 6.17(a) 
ISO standard 11819-2 
slick tire, Type II texture 
50 mm thickness 
20% porosity 
(b) overall noise level 






Figure 6.18: Variation of overall noise level with vehicle speed on porous 





Figure 6.19: Variation of overall noise level with vehicle speed on porous 






























ISO standard 11819-2, slick tire 


































ISO standard 11819-2, slick tire, 20% porosity, 










CHAPTER 7  INTEGRATING SKID RESISTANCE AND TIRE/ROAD NOISE 
PERFORMANCES INTO POROUS MIXTURE DESIGN 
Although porous surface layers serve mainly the functional purposes in most 
applications, current porous pavement design specifications did not consider 
frictional and acoustical performance. Porosity is taken as the control parameter in 
most of the existing design methods (Mallick et al., 2000; BSI, 2005; Putman and 
Kline, 2012; ASTM, 2013a), while permeability is an optional criterion in some of 
them (Khalid and Pérez, 1996; Putman and Kline, 2012). It is presumed in the porous 
mixture design that functional performances should be adequate if the volumetric and 
composition requirements are satisfied. However, this assumption may not be true, 
based on findings reported by various agencies around the world (Gibbs et al., 2005; 
Abbott et al., 2010). This presents a challenge to porous pavement design, especially 
in the case where improving skid resistance or reducing tire/road noise is the major 
purpose of porous surface application. Therefore, it is necessary to analytically 
predict the frictional and acoustical performance in the design stage of porous 
pavement project. This chapter attempts to explore the integration of numerical 
evaluations of skid resistance and tire/road noise into the current porous mixture 
design procedures. 
7.1  Overview of the Existing Porous Mixture Design Methods 
Despite the fact that porous pavement technologies have evolved for more 
than half a century, there is still no unified design methodology accepted by different 
countries. Even within the same country, different agencies may use different design 
specifications as well. United States and Europe are the leaders in porous pavement 
technologies to date, although many other countries, such as Japan and Australia also 
developed their own standards. Representative design methods are briefly introduced 
in this section to understand the status of current practice and provide basis for further 






progresses. The considerations in functional performance are found to be inadequate 
in the currently available methods. 
7.1.1  United States Design Method 
Porous pavement is known as open-graded friction courses (OGFC) in United 
States, although the porosity level of a traditional OGFC is slightly lower than that of 
a regular porous asphalt surface. With the adoption of modified asphalt in mix design, 
the new generation OGFC now possesses a similar porosity level as the porous 
surfaces out of United States. The first formalized design procedure in United States 
was developed by the Federal Highway Administration (FHWA) in 1974. There are 
currently more than 20 different approaches used across the United States (Putman 
and Kline, 2012), among which, the method developed by the National Center for 
Asphalt Technology (NCAT) in 2000 (Mallick et al., 2000) is the most influential and 
was standardized by ASTM in 2004 (ASTM, 2013a). Four major steps are considered 
in the porous mixture design: 1) selection of appropriate materials; 2) development of 
aggregate gradation; 3) determination of optimum asphalt content; and 4) evaluation 
of mix performance. 
In mixture design, the materials that need to be selected include aggregates, 
asphalt binders and stabilizing additives. The requirements on aggregate quality for 
porous mixtures are similar to those for stone matrix asphalt (SMA) mixture. 
Polishing resistance and durability have been identified as the most important 
properties (Cooley et al., 2009). The angularity, abrasion resistance, particle shape 
and cleanliness are also considered. The selection of asphalt binder should be based 
on environment, weather and traffic at the site, as well as the expected performance 
of the porous surface. A wide range of asphalt binders could be used and graded in 
accordance with either Superpave performance grading system, viscosity grading 
procedure or penetration grading system. Modified asphalt cements can significantly 
improve porous mixture performance, so are highly recommended. The functions of 





stabilizing additives used in porous mixture include reducing draindown potential, 
increasing mixture strength and improving durability. Cellulose fibers, mineral fibers, 
polymers or rubber particles may be used as additive. Fiber stabilizers are typically 
added into the mixture at a content of 0.2% to 0.5% of the total mixture mass. Table 
7.1 summarizes the material selection criteria specified by ASTM standard (ASTM, 
2013a). 
The next step in porous mixture design is to develop an aggregate gradation 
that guarantees the desirable air void content in the total mixture and the existence of 
stone-on-stone contact in coarse aggregate skeleton. The porous mixture gradations 
may potentially be characterized by the nominal maximum aggregate size (NMAS) as 
defined in Superpave. Highway agencies in the United States have developed various 
recommended master gradations for different NMAS (most commonly 9.5, 12.5, 19 
and 25 mm). Examples are shown in Table 7.2. In the design process, engineers first 
determine the adopted NMAS and a specified master gradation is then selected. Three 
trial gradations within the recommended grading range should be selected and mixed 
with a trial asphalt content (typically between 6.0% and 6.5%). Additive should be 
included if it is going to be used in the actual mixture. Specimens are then prepared 
using the Superpave gyratory compactor with a compaction effort of 50 gyrations. 
The condition of stone-on-stone contact is defined achieved when the percent voids 
among the coarse aggregates of compacted mixture (VCAmix) is less than that of 
coarse aggregates obtained by the dry-rodded test (VCADRC), with coarse aggregates 
defined as the fraction larger than the No.4 sieve. The air void content of compacted 
porous mixture can be determined based on its bulk specific gravity and the 
theoretical maximum density measured on loose sample. Of the three trial gradations, 
the one with the highest air void content (minimum acceptable is generally 18%) and 
a VCAmix equal to or less than VCADRC is considered optimum and should be adopted 
as the desired gradation. 






Although there is no specific approach that can identify an absolute optimum 
asphalt binder content, methods resulting in a range of allowable binder contents have 
been widely developed. The procedures used in the United States can be divided into 
three categories: methods using compacted specimens; methods using oil absorption 
test; and methods based on visual observation. Compacted specimen approach is the 
most popular and scientific methodology which is adopted by most highway agencies. 
In this method, the optimum asphalt content is determined based on test results of air 
voids, asphalt draindown and durability. Specimens compacted with 50 gyrations are 
produced using the selected gradation and at least three asphalt contents in increments 
of 0.5%. The air voids calculated from bulk specific gravity and theoretical maximum 
density should be at least 18%, and higher air void contents are desirable. The asphalt 
draindown is tested at a temperature 15 °C higher than the anticipated production 
temperature and the maximum permissible draindown is 0.3% by total mixture mass. 
Cantabro abrasion test may be used to examine the durability of designed mixtures. 
The average abrasion loss on unaged specimens should not exceed 20%. For aged 
porous mixture, the average loss should be below 30% and the loss for any individual 
specimen should not exceed 50%. Laboratory permeability test is optional in this step, 
with a magnitude greater than 100 m/day being recommended. The optimum asphalt 
content could be determined based on the above requirements. If none of the designs 
satisfies all the criteria, the mixture needs to be further adjusted. 
The last step of porous mixture design involves performance evaluation. The 
predominant type of performance testing to date is moisture sensitivity test using the 
modified indirect tensile test with five freeze/thaw cycles. The desired retained tensile 
strength ratio (TSR) should be at least 80%. The moisture susceptibility may also be 
evaluated through the boil test or a loaded-wheel tester (Cooley et al., 2009). If the 
mixture fails to meet the requirement of moisture susceptibility, anti-strip additives 





such as hydrated lime may be used. The stiffness of porous mixture, rutting resistance 
and short-term raveling resistance may also be examined in the design. 
7.1.2  European Design Method 
Similar approaches to the above-presented U.S. design method are also used 
in Europe, with some diversities among countries. A major difference, comparing to 
the U.S. method, lies in the fact that specimens in Europe are commonly fabricated 
using the Marshall compactor with 50 blows on each side. The penetration grading 
system is more widely used in Europe instead of the PG-grade. The desired air void 
contents of European designs are commonly higher than that of U.S. design, such as 
20% in the Netherland and Spain, 21% in Belgium, 22% in Switzerland, and 26% in 
Denmark (Alvarez et al. 2006). Besides, the mixture properties considered in the 
design, as well as the test methods and evaluation criteria are also different among 
European countries.  
Danish road standards use asphalt draindown and volumetric composition to 
determine the maximum asphalt content, and consider the resistance to water damage, 
aging and disintegration in the selection of minimum binder content. Hamburg wheel 
tracking test is also employed to assess rutting resistance performance. Permeability 
test is not requested, but some practices and recommendations have been made by the 
Danish Road Institute (Alvarez et al. 2006). Porous mixture design in Belgium 
requires optimizing the aggregate gradation using the software PradoWin (Programs 
for Road Asphalt Design Optimization) (BRRC, 2009). The target air void content is 
obtained in this software considering the characteristics of each material. Volumetric 
property measurement and Cantabro test are conducted to determine the optimum 
binder content. The loss of mass in Cantabro test should be lower than 20%. Spain 
also determines the minimum asphalt content based on the Cantabro test, and the 
maximum binder content is selected based on air voids and draindown test. Typical 
binder contents are around 4.5%. The commonly adopted binder is a 60/70 or 80/100 






pen asphalt with polymer modification. Besides, indirect tension test, wheel tracking 
test and laboratory permeability measurement are also used in Spanish porous 
mixture design (Khalid and Pérez, 1996).  
Another type of porous mixture design methods used in Europe is the recipe 
approach. British standard BS 4987-1 (BSI, 2005) defines the material compositions 
of two kinds of porous asphalt mixtures: PA 6/20 for highways and PA 2/10 for other 
applications. For the 6/20 mm gradation, the asphalt grade 100/150 or 160/200 pen is 
recommended at a content of 3.7% or 4.5% (modified) by the mass of total mixture. 
The same asphalt grade is used for the 2/10 mm gradation at an optimum content of 
5.2%. The modifiers listed in the standard include fibers, natural rubber and styrene 
butadiene rubber. It is recommended to include 2% by mass of total aggregates of 
hydrated lime in the mixture to minimize stripping and increase stiffness. Although 
hydraulic conductivity is measured in the field after placement, the permeability is 
not involved in the mixture design process. Recipe approach is also employed in the 
Netherlands, supplemented by some property tests. Two types of porous mixture have 
been specified, named PA 0/11 and PA 0/16, respectively. Asphalt binder is applied 
at a content of about 4.5% by weight of aggregates, whereas hydrated lime is also 
involved in the mixture. Mixture performances may be evaluated by indirect tensile 
strength, rotating surface abrasion, Cantabro and semi-circular bending tests as well, 
especially for research purposes (van der Zwan et al., 1990). 
From the extensive review of existing porous mixture design methods in the 
U.S. and Europe, it was found that skid resistance and tire/road noise performances 
are not taken into consideration in porous mixture design. Attentions had been put on 
the moisture sensitivity and durability of porous mixture. Functional properties are 
commonly considered adequate if the aggregate gradation, asphalt binder content, 
layer thickness and compaction specifications are satisfied in the field. Permeability 
measurement is the only test adopted to assess the functional performance of a porous 





mixture, but it is optional and conducted on the finished pavement in most design 
methods that involved this test. This is definitely insufficient for the prediction of 
frictional and acoustical performances of porous pavement. It is therefore necessary 
to develop an analytical framework based on numerical simulation models to more 
scientifically and mechanistically evaluate the functional performance. From this 
sense, the models developed in this research work are candidates to be integrated into 
the porous mixture design procedures. 
7.2  Development of Analysis Framework 
Recognizing the necessity of incorporating skid resistance and tire/road noise 
performances into the porous mixture design procedures, an analytical framework is 
developed in this section based on the existing design approaches and the developed 
numerical simulation models. It is worth noting that, at this stage of study, only the 
overall concept and partial specific technologies of the whole analysis framework are 
available. Although mechanistic models are used in performance prediction, valuation 
of functional benefits and determination of design criteria are still heavily subjective. 
Nevertheless, the approach proposed in this study could serve as an effective 
supplement to the current engineering practices. 
7.2.1  Identification of Key Variables 
It is essential to assume that the porous mixture obtained from existing design 
methods are adequate in structural capacity, durability and moisture sensitivity. Some 
critical parameters measured on such designed mixtures could be used as inputs into 
numerical models to forecast functional performance of finished porous pavements. 
To identify the critical variables inputted in the skid resistance and tire/road noise 
simulations is the first task in framework development. Several requirements apply to 
the selection of key variables. First of all, the combination of these variables should 
be capable to determine the drainage capacity and acoustic absorption of a porous 






surface. Second, they should be controllable or measurable in laboratory. Third, key 
variables should be uncorrelated with each other. Furthermore, skid resistance and 
tire/road noise should be sensitive to the key variables. 
Porosity is one of the critical variables because it is closely related to the 
water- and air-permeability of a porous mixture. Although no clear correlation 
between porosity and permeability has been found in the past experimental studies 
(Chuai, 1998; Liu and Cao, 2009; Kuang et al., 2011), it has been a consensus among 
pavement engineers that a larger porosity will result in a higher permeability. Porosity 
level determines how much space is occupied by connected air voids within a porous 
layer which could be used to discharge water and absorb sound energy. It is a basic 
indicator of water drainage and acoustic absorption capacity of porous pavements. 
Porosity can be easily measured by various volumetric approaches on laboratory-
compacted specimens. It commonly varies from 15% to 25% in practice. 
Porosity cannot uniquely decide the permeability of a porous surface because 
other volumetric parameters, such as tortuosity, connectivity, pore shape and pore 
size, also have significant influences. These variables are heavily correlated with each 
other and it is very difficult to quantify them in mixture design. However, all of these 
parameters are related to aggregate size, which can be strictly controlled in mixture 
design. It is noticed that a particular gradation is usually followed in existing design 
methods, but the majority of aggregates used in a porous mixture fall in a specific 
sieve size. In the present simulation models, only a characteristic aggregate size is 
needed to determine the characteristic pore size. The nominal maximum aggregate 
size (NMAS) could be adopted as the characteristic aggregate size in the numerical 
simulations. It is commonly within the sieve size range from 9.5 mm to 19 mm. 
Besides the porosity and aggregate size of porous mixture, the porous layer 
thickness is another parameter in the determination of drainage capacity and acoustic 
absorption. It was demonstrated in previous chapters that an increasing porous layer 





thickness can improve the drainage capacity and enhance the wet skid resistance of a 
porous pavement. On the other hand, the thickness of porous surface layer also affects 
the peak frequency of its acoustic absorption coefficient and alters the tire/road noise 
reduction effect significantly. Porous layer thickness is specified in pavement design, 
commonly within the range of 25 mm to 100 mm. 
The above-discussed variables (porosity, aggregate size and porous layer 
thickness) are also the common parameters in both skid resistance and tire/road noise 
models. Friction coefficient is a key parameter in skid resistance model and texture 
level is the one in tire/road noise model. Although friction coefficient is related to 
texture level, it is impractical to capture their influences on skid resistance and 
tire/road noise using an identical indicator because they contribute to different 
mechanisms in the two phenomena. The friction coefficient depends more on 
pavement microtexture, while the macrotexture plays a more fundamental role in 
exciting tire vibration noise. Both parameters can be measured in laboratory. 
7.2.2  Quantification of Safety and Comfort Benefits 
In order to quantitatively evaluate the functional benefits brought forth by the 
application of porous surface layers, appropriate indices have to be developed to 
represent the advantages of porous pavements in skid resistance enhancement and 
tire/road noise reduction. It is difficult to employ an clear-cut benefit estimate 
technique, not only because studies to establish the relationships between pavement 
friction and travel safety is still undergoing, but also due to the difficulty in assigning 
a monetary value on the comfort and health effects of traffic noise (Ahammed and 
Tighe, 2010). The perception of noise annoyance depends not only on physical 
attributes, but also to a certain extent on subjective parameters and socio-culture 
environment (Martín et al., 2006). Therefore, a compromise has to be reached based 
on empirical relationships raised from past research studies and subjective 
estimations on the demands of each individual project. 






7.2.2.1  Estimation of Safety Benefit 
The benefits of skid resistance improvement may be estimated according to 
the potential reduction in the count and severity of wet-weather crashes. Although the 
relationship between surface friction and crash risk is difficult to quantify, past 
studies have provided some useful insights on the decreasing trend of crashes with the 
increase of wet-pavement friction. The road research group of the Organisation for 
Economic Cooperation and Development (OECD, 1984) revealed a linear crash-
friction relationship with a decreasing rate of about 0.045 acc/MVM per unit increase 
of skid number at 40 mph (see Figure 7.1). Nonlinear relationships have also been 
suggested from other research studies (McLean and Foley, 1998; Wallman and 
Aström, 2001) (see Figure 7.2). Because many other factors contribute to crashes as 
well (such as road geometry, vehicle speed and traffic condition), it should not be 
expected to accurately predict accident frequency from skid resistance alone (Henry, 
2000). In a statistical analysis of the effect of wet-pavement friction on highway 
safety, Ivan et al. (2012) developed crash-friction models for various roadway and 
operation characteristics (curve classification, grade, intersection, driveway, shoulder 
width, rural/urban area, and speed limit). The negative binominal regression was 
adopted to estimate model coefficients. Table 7.3 illustrates some typical results of 
exponents of consolidated SN40 coefficients, which indicate the multiplicative factor 
of crash count variation for a unit increase in SN40 measurement. The above research 
findings may be used to estimate the safety benefits obtained from skid resistance 
improvement, but one should be very careful to apply such empirical relationships 
because no consensus have been reached among the pavement engineering 
practitioners. 
Economic appraisal is considered as a formal practice in the roadway safety 
management process developed by the Federal Highway Administration (FHWA, 
2013). For each potential porous mixture, the installation and maintenance costs over 





its service life are first computed. The annual crashes on the existing pavement is then 
estimated based on historical observed crash frequency. AASHTO (2010) proposed 
several methods for predicting roadway safety, such as the long-term average value, 
safety performance functions and empirical Bayes method. The estimated annual 
crashes on the existing surface is multiplied by the crash modification factor (CMF) 
obtained from past researches, based on the skid resistance improvement, to predict 
the annual crashes on the finished porous pavement. Crash reduction is derived from 
the values with and without porous layer. The estimated annual crash reduction is 
next converted to a monetary benefit by multiplying appropriate average crash costs. 
Many agencies developed their own crash costs. Table 7.4 illustrates an example, by 
severity level, based on an FHWA report (Council et al., 2005). The monetary benefit 
in a given year is converted to present value by multiplying the present value factor. 
With these, the estimated annual benefit can be summed and divided by the present 
value of treatment cost to estimate the benefit-cost ratio. The above steps should be 
repeated for each candidate mixture design and the extreme cases. The extreme cases 
are used to define the bounds of a feasible solution range and the benefit-cost ratio for 
each design corresponds to a value within this range. 
7.2.2.2  Estimation of Noise Reduction Benefit 
The valuation of tire/road noise reduction is not as straightforward as that of 
skid resistance improvement. The benefit of noise abatement is a more complicated 
problem involving people's health and comfort, environmental concern, real estate 
price near the roadway, as well as impact on working productivity. It is quite difficult 
to include all these aspects into a single analysis and it is impracticable to represent 
some effects in monetary values. Therefore, there is no economical model that 
enables the computation of overall benefit/cost for the whole society associated with 
noise exposure. The existing research studies on noise reduction benefit are focused 






on a particular aspect and quantify the benefit using either cost of abatement, cost of 
illness, contingent valuation or hedonic price method (Becker and Lavee, 2003). 
Cost of abatement was used as the minimal estimate of noise damage in some 
early studies. The benefit from a noise-reducing measure must be at least equal to the 
price paid for this action. This approach is a very rough estimation in the case where 
no better alternatives are available. It actually ignores the true value of the benefit, 
which is probably higher than the cost involved. For a multi-purpose measure, the 
benefits may be much more than just noise abatement. Cost of illness is another 
approach to estimate noise damage. It makes use of health expenditures to measure 
the economic cost associated with hearing loss caused by environmental noise. It is 
also quite difficult to obtain reliable results by this method because there is no 
specific evidence providing a correlation between hearing loss and traffic noise 
contribution. Contingent valuation method (CVM) is a very popular technique in 
transportation policy analyses, which is also widely used in the valuation of noise 
abatement. This method is developed based on a "willing to pay (WTP)" concept, 
which estimates the amount of money a representative sample of the public would 
like to pay to achieve a given amount of noise reduction. This is a closer estimation of 
the subjective value on noise abatement of each individual, but problems lie in the 
residents' general lack of familiarity in the "given amount of noise reduction". The 
WTP value varies dramatically from person to person and it is difficult to cover a 
sufficient sample of population with extensive socioeconomic backgrounds. Another 
popular technique in estimating the true value of noise reduction is the hedonic price 
method (HPM). The real estate price is commonly used as a proxy of the WTP for a 
quieter apartment in this approach, taking the assumption that the attribute vector 
determines the price and noise is one such attribute. The separate effect of noise 
reduction on the real estate price is then evaluated as the monetary benefit. HPM is 
more objective compared to CVM because the real estate price comes from the 





market instead of individuals. The limitations of this approach lies in the assumptions 
of a perfect equilibrium in the housing market and the full awareness of information 
among participants. 
Although no existing method is able to accurately valuate the overall noise 
abatement benefit, many useful findings have been achieved in past research works. 
Becker and Lavee (2003) used HPM to evaluate the benefits brought forth by a new 
noise standard in Israel with a linear noise depreciation sensitivity index, and found a 
1.2% increase of average urban property value per 1 dB noise reduction. The 
increasing rate in rural areas was found to be 2.2%. Martín et al. (2006) examined the 
relationships between traffic noise exposure and annoyance in Spain and found a 
linear correlation between annoyance and the measured noise level (see Figure 7.3). 
The CVM was also adopted in the same study and found that 50% of the population 
was willing to pay 7.22 € on average per person per year to reduce noise 
contamination. Arsenio et al. (2006) used the stated choice model to valuate the road 
traffic noise. Some typical results of household monthly valuations for one unit 
change in noise level are illustrated in Table 7.5. The Department for Environment, 
Food and Rural Affairs of UK published a guideline on economic analysis of noise 
pollution (DEFRA, 2013). The marginal value of noise impact was estimated in this 
guideline to convert changes in noise exposure to monetary values, which could then 
be incorporated into a cost benefit analysis. Table 7.6 provides the values specified in 
this guide. 
The noise measurements in the above studies are basically the far-field sound 
pressure level detected in the residential along the roadways. It is difficult to calculate 
this far-field noise level from the CPX near-field noise level obtained from numerical 
simulation model because of the variations in traffic volume, traffic composition and 
distance between vehicle tire and sound receivers. However, the essential concept of 
these studies are still applicable, considering the fact that far-field noise is a 






combination of all the near-field sources after propagation. Based on the extensive 
review of past researches on the valuation of noise abatement benefit (Becker and 
Lavee, 2003; Arsenio et al., 2006; Martín et al., 2006; DEFRA, 2013), it is concluded 
that linear and geometric relationships are commonly found between noise variation 
and its worth. Regression curves were developed and the noise level associated with 
each feasible mixture design can be related to a benefit value on this curve. 
7.2.3  Design Procedures 
Recognizing the critical variables in porous pavement design and the benefit 
estimating techniques in pavement performance evaluation, an analysis framework is 
introduced to integrate wet-pavement skid resistance and tire/road noise into the 
design process of porous mixture.  
7.2.3.1  Overall Workflow 
Figure 7.4 shows the workflow of proposed framework. Existing porous 
mixture design approaches have specific methods (such as Los Angeles test, 
penetration test and Marshall test) to select materials, aggregate gradation and asphalt 
content to produce a durable structure with a desired porosity. Using specimens 
designed by such an approach, the crucial characteristics of compacted porous 
mixture can be measured from various laboratory experiments, among which the 
mixture porosity, aggregate size and porous layer thickness are selected as critical 
parameters in porous mixture design. These variables determine the drainage capacity 
and acoustic absorption of a porous pavement. 
The workflow next develops in two tracks, one on skid resistance and the 
other on tire/road noise. The numerical simulation models developed in this study 
were adopted to predict the performance of each alternative mixture. A simplified 
pore network model was built using the critical variables to reproduce the drainage 
capacity of a given thickness of porous layer. The standard lock-wheel skidding test 





(ASTM, 2011a) is then simulated on the simplified porous layer using a finite 
element model to predict the skid number at the standard condition. The predicted 
skid number (SNp) is compared to the required value (SNr) derived from design 
criterion on skid resistance performance. If SNp is larger than SNr, a skid resistance 
performance index (SPI) can be designated and the mixture design passes friction 
requirement. If not, one should adjust the aggregate gradation and/or asphalt content 
and redo the mixture design.  
A simplified pore network structure was developed to reproduce the acoustic 
absorption property of the same porous surface layer. The sound pressure level in a 
standard CPX noise measurement (ISO, 2013) is predicted using the developed 
tire/road noise simulation model. The predicted sound pressure level (SPLp) is 
compared to the allowable value (SPLr) derived from the design criterion on tire/road 
noise. If SPLp is lower than SPLr, the mixture design passes the acoustic requirement 
and an acoustical performance index (API) could be assigned to it. When both criteria 
are satisfied, the particular mixture design is considered adequate in functional 
performance. In order to compare among multiple qualified mixtures, a functional 
performance index (FPI) is derived from a linear superposition of SPI and API. The 
weighting factors, α and β, are project-specific and heavily dependent on the experts' 
subjective judgments. 
7.2.3.2  Design Criteria on Skid Number and Sound Pressure Level  
It is important to understand that there is no identical design criterion which 
is universally applicable to all porous pavement projects. The terminal skid number 
and noise level (values at the end of pavement service life or the time of rehabilitation) 
should be determined according to project location, road classification, design speed, 
traffic composition, terrain topography and meteorological condition. The design 
criteria on functional performance (initial values at the beginning of pavement service 






life) can then be derived from the terminal requirements, taking account of various 
long-term effects. 
Minimum Skid Number Requirement 
Although the lock-wheel skid number is considered as an important indicator 
of wet-weather traveling safety on high-speed road facilities, transportation agencies 
in the U.S. have never developed standards for minimum skid resistance requirement 
(Ahammed and Tighe, 2010). This is not unexpected because it is difficult to set a 
unique minimum skid number for the huge and complex road network. However, 
some tentative guidelines and recommendations have been made for desired skid 
number by various organizations and researchers. Jayawickrama et al. (1996) 
surveyed 48 states on the practices of skid resistance control and suggested that the 
minimum skid number measured by ASTM E274 skid trailer should be 30 for low 
volume roadways and 35 to 38 for high volume roadways. The Transportation 
Association of Canada (TAC, 1997) applied a grading system to identify the low-
friction sections and initiate possible countermeasures. Improvement or maintenance 
is recommended if SN is less than 31 and there is an accident problem; maintain the 
surveillance and take corrective action if SN is between 31 and 40; and no action is 
required if SN is larger than 40. Britain makes a more comprehensive requirement for 
the desired minimum friction levels based on roadway category, geometric condition, 
pavement gradient and approaches. The investigatory level of the SCRIM friction 
coefficient ranges from 0.35 at 50 km/h for a motorway to 0.60 at 20 km/h for a sharp 
bend (Gargett, 1990). 
The specified minimum friction level can be used as terminal skid resistance 
requirement. If the measurement follows ASTM E274 standard, the result obtained is 
named terminal SN. It is well understood that skid number declines with pavement 
age, mainly due to the polishing and abrasive effects of accumulative traffic loading. 
This long-term depreciation may become more severe on a porous pavement surface 





because the clogging of pore network will significantly reduce its drainage capacity. 
Kowalski et al. (2009) observed the frictional performance of a porous friction course 
(PFC) section in a four year's period. The skid number variation was found around 9 
SN units during this period. Rezaei et al. (2011) developed an empirical model to 
predict the skid number variation with traffic load on asphalt pavements. It was found 
that the skid number dropped faster at the early life and became stable after a certain 
amount of traffic loading. The overall skid number lost for PFC surface was about 20 
SN units in its whole life. Besides of pavement aging, seasonal effects influence the 
long-term variation of skid number as well. Temperature and precipitation are the 
main reasons to the seasonal fluctuation. It was known that skid number decreases 
with increased temperature and its value is higher when measured after rain (Moyer, 
1959; Saito and Henry, 1983). Given an appropriate estimation of the long-term 
effects caused by pavement aging and seasonal influence, the skid resistance criterion 
for a newly-paved porous surface can be derived from the terminal SN requirement. 
Maximum Noise Level Requirement 
There is no specification or guideline on acceptable maximum noise level 
available to date from pavement engineering perspective, but the guidance on traffic 
noise at highway neighborhoods has been developed by environmental agencies 
(Ahammed and Tighe, 2010). In a Federal Highway Administration technical 
advisory (Gee, 2005), tire/road noise are recommended to be taken into consideration 
when selecting pavement surface types for highways and bridges. Despite the lack of 
official guidelines, several research studies have explored the desirable pavement 
acoustical performance. Kuemmel et al. (2000) indicated that an appropriate surface 
should exhibit a maximum noise level of 83 dB(A) in a pass-by measurement at 97 
km/h. Rasmussen et al. (2008) suggested a target sound intensity level for PCC 
pavement surfaces between 100 and 105 dB(A) in the on-board sound intensity 
measurement at 97 km/h. It is noticed that the acoustical performance of different 






types of pavement significantly differ from each other and the recommendations are 
not applicable for all locations. Therefore, the acoustic requirement of a pavement 
should be developed individually according to public perception and noise abatement 
criteria. The distance to nearby neighborhood should also be considered to connect 
public perception with close proximity noise level. 
The acceptable maximum noise level can be used as the terminal acoustical 
requirement. If measured with the CPX method, the result is denoted as terminal SPL. 
To determine the acceptable level for a newly constructed or rehabilitated porous 
pavement, the deterioration of its acoustical performance with time should be taken 
into account. This mainly results from the clogging of pore network, which reduces 
the sound absorption capacity of porous surface layer and increases the air pumping 
effect. The Danish Road Institute measured tire/road noise on porous pavements for 7 
years (Raaberg et al., 2011). The noise level variation in this period was 5 to 6 dB(A). 
The temperature effect on tire/road noise should also be considered in the derivation 
of design criterion. Bueno et al. (2011) reported that increasing pavement temperature 
lead to a reduction in the CPX noise level assessed at a rate of 0.06 dB(A)/°C at a 50 
km/h vehicle speed. Mechanisms associated with both vibration and friction may be 
affected by temperature variation. Traffic composition is another factor taken into 
account, recognizing the fact that heavier vehicles are commonly noisier than lighter 
ones. With proper estimations on long-term effect, temperature influence and traffic 
composition, the acceptable maximum CPX noise level for a new porous surface can 
be derived from the terminal SPL. 
7.2.3.3  Determination of SPI, API and FPI 
The determinations of skid resistance performance index (SPI), acoustical 
performance index (API) and functional performance index (FPI) are subjective in 
nature. It heavily relies on the practitioners' experiences and knowledge. All the three 
indices are defined on a scale from 0 to 10, with 0 indicating the lower bound of the 





acceptable pavement performance range and 10 indicating its upper bound. If cost is 
not a constraint in porous mixture design, the indices can be directly defined on the 
absolute values of skid number and noise level. However, this is not the case in most 
porous pavement applications. The cost-benefit analysis is commonly adopted when 
cost constraint is taken into consideration. In this study, SPI and API are determined 
using the benefit valuation techniques previously presented in Section 7.2.2, and the 
FPI is derived by a linear superposition of SPI and API. 
The benefit-cost ratio of a porous mixture with regards to its skid resistance 
performance can be estimated using the procedures illustrated in Section 7.2.2.1. The 
boundary values of SPI (i.e. 0 and 10) are defined by the lowest and highest ratios 
calculated from the extreme cases selected from extensive combinations of feasible 
values of design variables (i.e. porosity, aggregate size and porous layer thickness). 
Recognizing that the extreme cases may not occur at the boundary of feasible range 
of design variables, advanced techniques are needed to detect the highest and lowest 
benefit-cost ratios from a limited number of numerical simulations. Artificial neural 
network (ANN) is a promising alternative for this purpose and will be adopted in this 
study. When the extreme cases are determined, each of the possible mixture designs 
should have a benefit-cost ratio within the feasible range formed by the highest and 
lowest ratios, which in turn corresponds to an integer SPI value between 0 and 10. 
The subjective part of SPI derivation comes into the picture at this point. That is how 
to define the relationship between benefit-cost ratio and SPI index. It depends on the 
strength of cost constrain, the preference of individual project and the dispersion of 
candidate benefit-cost ratios. The determination of correspondence between benefit-
cost ratio and SPI value relies on engineers' experience and agencies' policy. 
To avoid double counting the cost in mixture comparison, the determination 
of API is directly based on the simulated tire/road noise level instead of performing a 
benefit-cost analysis. The boundaries of API are defined by the lowest and highest 






noise levels obtained from the extreme cases. Due to the monotonous relationships 
between tire/road noise level and the value of design parameters, the extreme cases 
must occur on the boundaries of feasible design range. Each design parameter has a 
lowest feasible value and a highest feasible value, therefore, there are altogether 8 (2 
× 2 × 2) cases available as candidates of extreme cases. After deciding the extreme 
cases, each alternative mixture design should present a tire\road noise level within the 
feasible range formed by the highest and lowest levels, corresponding to an integer 
API value between 0 and 10. Section 7.2.2.2 showed that either a linear or geometric 
relationship can be assumed between noise abatement and its benefit. The simulated 
noise levels of two extreme cases are used to determine the parameters in the 
assumed relationship. The API value for each candidate mixture design is read from 
the resulted curve according to the simulated noise level. 
FPI denotes a combined functional performance index covering both safety 
and noise considerations. It is a linear superposition of SPI and API with weighting 
factors α and β, respectively (see Figure 7.4). Factors α and β represent the relative 
importance of frictional and acoustical performances in the assessment of overall 
functional performance, and their summation should be a unit. The values of α and β 
are project-specific and determined based on experts' judgments, at this stage of study, 
according to the purposes of a particular porous surface application. The FPI value is 
calculated for each candidate mixture design (i.e. mixtures satisfying both criteria in 
skid resistance and tire/road noise). After comparison, the mixture with the highest 
FPI value should be selected as the final design. 
7.2.3.4  Improving Design Efficiency through Artificial Neural Network 
The analysis framework presented in the above section provide the possibility 
to incorporate skid resistance and tire/road noise performances of a finished pavement 
into porous mixture design. The core components of this framework is the numerical 
simulation models presented in this study (circled by a dash box in Figure 7.4), which 





are used to predict the lock-wheel skid number and CPX noise level from the mixture 
design parameters. However, such numerical simulations may turn out to be a tedious 
work when there is a large number of candidate mixtures available. Furthermore, it is 
difficult to extensively examine all the possible combinations of design parameters in 
the determination of extreme cases when the benefits of porous surfaces are valuated 
and the performance indices are mapped. Therefore, it is necessary to facilitate the 
integration of functional performance in the porous mixture design through advanced 
mathematical techniques based on a limited number of simulation results in advance. 
Artificial neural network (ANN) is a well-developed technique being used in highly 
nonlinear fitting without the need of recognizing regression function. It is adopted in 
this study to develop a fast estimation of the functional performance prediction from a 
number of numerical simulation results. A two-layer feed-forward neural network is 
used because of its simplicity in topology and ease in application. 
The feed-forward neural network is characterized by its single-directional 
information flow: from the input nodes, through the hidden nodes and to the output 
nodes, with no directed cycles in the connections. The architecture of the two-layer 
feed-forward network adopted in this study is shown in Figure 7.5, where a nonlinear 
hidden layer and a linear output layer work together to make predictions from the 
input data. The essence of this neural network is to perform space conversion on all 
the input vectors through a set of nonlinear activation functions in the hidden layer. 
After conversion, linear weights are applied onto the nodes of hidden layer and the 
final outputs of the network are presented as a linear combination of the activation 
functions of inputs and neuron parameters: 








         (7.1) 
where N is the number of neurons in the hidden layer, x

 is the input vector, f( ) is the 
activation function applied on the hidden nodes and wi is the weight of neuron i in the 






linear output layer. The universal approximation theorem (Cybenko, 1989) states that 
a feed-forward neural network with a single hidden layer containing a finite number 
of neurons is able to arbitrarily closely approximate any continuous functions on the 
compact subsets of R
n
. This holds only for restricted classes of activation functions. 
In this application, the network applies a sigmoid function as the activation function: 







        (7.2) 
The model parameters ai, ic

 and wi are calibrated through minimizing the differences 
between network outputs and observed data, which is named "training" in the ANN 
techniques. Multi-layer networks are commonly trained using the back-propagation 
(BP) strategy, where the output values are compared with the "correct answers" to 
calculate the value of a predefined error-function. The error is then fed back to the 
network. Using this information, the training algorithm adjusts the weights of each 
connection, backwardly from the output layer to the hidden layer,  in order to reduce 
the value of error function. After repeating the training process for sufficient cycles, 
the network usually converges to a state with a small error. The network used in this 
study is trained by the Levenberg-Marquardt algorithm, also known as the damped 
least squares method. This method interpolates between the Gauss-Newton algorithm 
and gradient descent method. It is recommended as a faster BP algorithm, although it 
does require more computer memory. After proper training, the network can be used 
to perform function interpolation, approximation or classification. 
A BP neural network is established in this study to efficiently extract highly 
accurate performance predictions for porous mixtures with arbitrary feasible design 
parameter values based on a number of numerical simulation results. The input vector 
has three elements, representing porosity, aggregate size and porous layer thickness, 
respectively. The outputs contain fluid uplift force, fluid drag force and tire/road 
noise reduction. The training data are prepared based on the normal practicable range 





of each design parameter. Porous mixtures with five porosity levels (15.0, 17.5, 20.0, 
22.5 and 25%), four nominal aggregate size levels (9.5, 12.5, 16.0 and 19 mm) and 
four porous layer thickness levels (25, 50, 75 and 100 mm) are selected to train the 
neural network. The target fluid uplift force and drag force developed in a standard 
lock-wheel skidding test are generated using the skid resistance simulation model for 
each mixture, and target noise reduction is derived from the tire/road noise simulation 
model with a typical mild texture excitation. The skid number is not taken as a direct 
output of the neutral network because it can be easily derived from the fluid forces 
providing the coefficient of friction. The overall noise level is not suitable to serve as 
a neural network output because it subjects to the pavement surface texture, which 
may make the network too complicated when being included into the ANN model 
inputs. The finalized overall tire/road noise level is computed in such a manner that 
the noise reduction value generated from the neural network is deducted from the 
simulated overall noise level on a pseudo pavement with the same surface texture as 
the designed porous mixture, but no acoustic absorbing capacity.  
The neural network is first trained using 70% out of the 80 (5 × 4 × 4) sets of 
data and then validated against another 15% randomly-sampled mixture designs and 
tested by the remaining 15%. Over-fitting is a major problem that may occur during 
ANN training, where the error on training set is very small, but that on new data set is 
large. If the number of parameters in the network is much smaller than the number of 
data in training set, over-fitting is unlikely to occur. However, the size of training set 
in the current study is relatively small. Therefore, to limit the power of network, the 
number of nodes in hidden layer should be just enough to provide an adequate fit. 
The technique of early stopping is also adopted to improve the generalization of the 
network. Figure 7.6 shows the performance of the developed network. Figure 7.7 to 
7.9 illustrate some derived results from this network. This network can be next used 
in the porous mixture design to replace the elements circled by the dash box in Figure 






7.4. It significantly improves the efficiency of performance evaluations. The sample 
size of training data used in this study is restricted by computational capacity and 
time constraints in the numerical simulations of skid resistance and tire/road noise. 
The network quality can be further improved when more training cases are available. 
7.3  Application of the Proposed Analysis Framework 
The above developed analysis framework is next further elaborated through a 
hypothetical case study. The assumptions and problem definition are first presented. 
The mixture design procedures introduced in the previous section are then performed 
to incorporate functional performance into the porous mixture selection process. The 
resulting mixture design is considered to be the optimum solution. 
7.3.1  Description of the Hypothetical Problem 
An in-service highway section is suffering from two problems: high accident-
tendency caused by insufficient wet skid resistance and over-irritating traffic noise 
emitted from high-speed vehicles. A porous surface layer is to be installed in the 
rehabilitation of this highway section in order to solve both problems. The following 
information is made available at the time of mixture design. 
 The design rainfall intensity is 100 mm/h. Considering road geometry 
and drainage capacity, the critical water film thickness for safety evaluation is 
computed to be 1.2 mm. 
 The temperature variation in a year is from 5 °C (in winter) to 35 °C (in 
summer) at the project location. 
 The design speed for road geometry is 90 km/h. This is also applicable in 
the frictional and acoustical performance design.  
 The design service life is 10 years, within which regular maintenance will 
be performed to prevent porous surface failure from clogging. 





 According to the local pavement agency's recommendation, the terminal 
skid number acting on a worn tire at the design speed should be at least 31. 
 According to the environmental agency's requirement, the average noise 
level in the nearby residential should be lower than 65 dB(A). This can be converted 
to a 97 dB(A) CPX noise level at the design speed, taking into account the traffic 
composition on roadway and the distance from roadway to residence. 
 The linear crash-friction relationship proposed by the Organization for 
Economic Cooperation and Development (OECD, 1984) is adopted in this case study, 
with a decreasing rate of 0.045 acc/mvm per unit increase in skid number. Geometric 
relationship is assumed between noise level variation and its quantified worth. The 
relative importance of frictional and acoustical performances is set to be 0.6 : 0.4. 
 Six mixture designs with variations in nominal max aggregate size and 
porosity value (see Table 7.7) are produced in the laboratory. All these mixtures 
satisfy the requirements in structural strength, drainage capacity, moisture 
susceptibility and durability. Two levels of porous layer thickness is under 
consideration, namely 40 mm and 60 mm. 
 Only the material cost is taken into consideration. The other costs are 
assumed identical for all the candidate mixtures. The cost of material does not only 
differ with thickness, but also increases with porosity due to high-viscosity asphalt or 
additives used. The relative cost ratio for each mixture is shown in Table 7.7. 
7.3.2  Framework Application 
The developed analysis framework is next performed step by step on the 
illustrative hypothetical case study. The derivation follows the workflow shown in 
Figure 7.4, and the artificial neural network technology is applied to facilitate the 
performance prediction. 
Step 1: Design Criterion Determination 






The most unfavorable skid number occurs on a smooth tire traveling on the 
flooded pavement (with a 1.2 mm water film) at the design speed (i.e. 90 km/h). This 
value on an old pavement after 10 years of service is required to be 31. The numerical 
simulation could be directly conducted at this most-unfavorable condition, but for the 
generalization of the approach, simulations are performed according to the standard 
condition specified in ASTM E274 (ASTM, 2011a) at 80 km/h. Therefore, speed and 
water thickness corrections should be made on the terminal SN. This can be achieved 
through a parametric analysis as in Chapter 4. Although the corrections may not be 
identical for every mixtures, to unify the standard, the worst case values are used here. 
The speed correction in the specific condition is -1.0 SN units from 90 to 80 km/h, 
and that for water film thickness is 1.8 from 1.2 to 0.5 mm. The deterioration of skid 
number with pavement age is assumed to be 15 SN units within its first 10 years' life 
according to Rezaei et al.'s model (2011), and the seasonal fluctuation of skid number 
in the project area is taken as 4.2 SN units. Combining the terminal SN value with the 
long-term effects, the design criterion on skid number is determined as 
512.4158.10.131 rSN       (7.3) 
The acceptable maximum tire/road noise should be corrected by the vehicle 
speed as well. This can be achieved through a parametric analysis similar with that in 
Chapter 6. Again, the worst case is adopted in this study. The speed correction for the 
given condition is found to be -1.0 dB(A) from 90 to 80 km/h. The increase of CFX 
noise level with pavement age is assumed to be 8 dB(A) in the first 10 years' service 
life, and the seasonal effect on tire/road noise due to temperature variation is derived 
to be -0.9 dB(A) based on Bueno et al.'s work (2011) . Combining the terminal CFX 
sound pressure level with the long-term effects, the design criterion on tire/road noise 
is determined as 
1.879.080.197 rSPL  dB(A)     (7.4) 
Step 2: Functional Performance Prediction 





An artificial neural network was developed based on numerical simulation 
results to enhance the efficiency of performance predictions. The network training 
data cover the whole variation ranges of design parameters used in this case study. It 
is considered adequately accurate to generate fluid forces and noise reductions from 
this network. Tables 7.8 and 7.9 show the predictions of functional performance, with 
the wet-pavement friction coefficients measured in the laboratory on compacted 
specimens of each mixture design. The "generated noise" in Table 7.9 is obtained 
from the tire/road noise simulation performed on an ideal surface with the texture of 
examined porous specimen but without any acoustic absorption ability. It is observed 
that the predicted skid number for Mixtures A-40 and F-40 is lower than the design 
criterion (SN = 51) and the predicted noise level for Mixtures B-40, D-40 and F-40 is 
higher than the 87.1 dB(A) noise criterion. Therefore, these four mixtures do not 
satisfy the functional requirements and should be removed from the candidates. The 
extreme cases within the practicable ranges are also extracted from the ANN 
technique. The upper and lower bounds of tire/road noise can be directly obtained 
from the network outputs, while those for safety benefit should account for material 
cost difference, which is a best estimation from the information available. 
Step 3: Functional Performance Valuation 
The approach of safety benefit quantification was presented in Section 7.2.2.1. 
The lowest skid number obtained from the neural network is adopted as the baseline 
of safety valuation. The differences between predicted skid number and the baseline 
are used to calculate the potential accident reduction for each mixture design, taking 
the decreasing rate of 0.045 acc/mvm per unit increase in skid number. The variation 
of skid number with pavement age is assumed the same for all the mixtures, therefore, 
the SN differences maintain identical with time. The reduction in monetary loss is 
proportional to the reduction in accident count. The coefficient is taken as L, which 
could be derived based on the proportions of accidents with various severities. The 






present value of monetary benefit is derived with the present value factor at a given 

























/      (7.5) 
where AR is the accident reduction per million of vehicle-mile. Z is a constant for 
various mixtures, provided constant L and r. Therefore, the benefit-cost ratio could be 
presented by accident reduction rate and the relative cost. The same procedures are 
also performed on the extreme cases of mixtures with regards to safety benefits. The 
calculation results are shown in Table 7.10. 
The quantification of acoustic benefit was introduced in Section 7.2.2.2. 
Since there is no reliable approach available to date in the valuation of overall benefit 
of tire/road noise reduction, simple relationships observed in previous studies may be 
adopted in practice. Geometric growth is assumed in this study to describe the 
relationship between tire/road noise reduction and its value. The parameters in this 
relationship can be defined by the extreme noise levels. 
Step 4: Performance Index Calculation 
Skid resistance performance index (SPI) is defined on a linear scale of 0 to 10, 
with the extreme cases serving as upper and lower bounds. Acoustical performance 
index (API) is defined on a geometric scale with the same range. The values of these 
two indices are listed in Table 7.11. The indices for each candidate mixture design are 
then easily read from the table based on its safety benefit-cost ratio or tire/road noise 
level. The functional performance index (FPI) is then derived by linear superposition 
of SPI and API, letting the weighting factor α and β take the values of 0.6 and 0.4, 
respectively. The performance indices of each mixture are shown in Table 7.12. 
Step 5: Optimal Design Selection 
Comparing FPI among candidate mixture designs, it is obvious that Mixture 
E-40 possesses the highest FPI value. Therefore, in this particular project, Mixture E-





40 (produced from 12.5 mm aggregates with a 24.4% porosity and 40 mm porous 
layer thickness) should be selected as the final design considering the optimization of 
functional performance. 
7.4  Summary 
This chapter developed an analytical framework to integrate the evaluations 
of functional performance into porous mixture design process, based on the simulated 
skid number and noise level from the numerical models. This analysis approach is a 
powerful supplement to the current porous mixture design procedures, where 
functional performance is not properly taken into consideration. Although the 
proposed analysis framework, to some extent, contains subjective judgments and 
uncertainties, it provides an effective and convenient technical strategy to select 
porous mixture according to its functional performance. This approach should be 
helpful in the practical applications of porous pavements. 
The existing porous mixture design approaches were firstly reviewed in this 
chapter.  Emphasis was focused on the methods used in the U.S. and Europe, because 
they are the current leaders in porous pavement technique. It was concluded that, in 
the existing design procedures, emphasis is mainly made on durability and moisture 
sensitivity of porous mixture. The functional performance is normally considered 
adequate if the porosity criterion is satisfied. Permeability measurement on finished 
pavement surface is optional in some specifications, where it serves as the only test 
evaluating porous mixture functions. Existing mixture design methods are considered 
to be inadequate because the major purposes of porous surface applications are to 
enhance skid resistance and/or to reduce traffic noise. This up-to-date review revealed 
the necessity of developing an analysis framework based on some mechanistic 
simulation models to predict the functional performance in the design phase of a 
porous pavement. 






An analytical framework was next developed to incorporate frictional and 
acoustical performance evaluations into the design procedures of porous mixture. The 
basic idea of the framework is to numerically predict skid number and noise level on 
a porous pavement using the critical parameters measured on alternative mixtures. 
The predicted values are then compared with the design criteria and converted to 
some normalized performance indices. Porosity, aggregate size and porous layer 
thickness are selected as the critical mixture properties to be used in the skid 
resistance and tire/road noise simulations, because they are easily measurable or 
controllable in the laboratory, and can determine the drainage capacity and acoustic 
absorption of a porous surface layer. The design criterion for skid resistance is 
determined from the minimum desired skid number of a specific old pavement and 
the long-term effects caused by pavement aging and seasonal variation. The acoustic 
criterion is derived in a similar way, combining the acceptable maximum noise level 
with the long-term effects and temperature influences. The terminal skid number and 
noise level should take into consideration of the project location, road classification, 
design speed, traffic composition, terrain topography and meteorological condition. 
Approaches have been developed in some past studies to valuate the benefit of skid 
resistance enhancement and tire/road noise reduction. These methods were introduced 
and adopted in this study to quantitatively evaluate the advantages brought forth by 
the adoption of porous surfaces. A cost-benefit analysis is necessary in this step when 
cost constrain is considered. Based on the benefit quantification, performance indices 
for skid resistance and tire/road noise are defined on a scale of 0 to 10, from which a 
functional performance index is derived by a linear superposition. To further improve 
the efficiency of this analysis framework, the artificial neural network technique was 
adopted to generate a fast estimation of the functional performance from a number of 
numerical simulation results. A two-layer feed-forward neural network was trained, 
validated and applied in this study to replace the most tedious part of the framework. 





The analysis framework was next applied in an illustrative case study. The 
mixture selection procedures considering skid resistance and tire/road noise 
performances were demonstrated. This case study exhibited the feasibility of 
developed framework in selecting an optimum porous mixture design with favorable 
frictional and acoustical performances. However, the analysis framework can be 
further improved. The determination of SPI, API and FPI is still reliant on experts' 
experiences. Future research efforts can be made to provide a more objective 
interpretation of these indices. 






Table 7.1: Criteria on material properties for porous mixture design 
(ASTM, 2013a) 
 
Material Property Test method Requirement 
Course aggregates Abrasion resistance Los Angeles 
abrasion test 
< 30% 
Angularity Fractured face 
test 
Two crushed faces > 90% 
One crushed faces > 95% 
Particle shape Flat and 
elongated test 
< 10% (ratio of 5:1) 






Asphalt binder Grade PG-grade One or two grades stiffer 
than normally used at the 
project location 
Modified asphalt  Polymer modified or rubber 
modified asphalt 
Additives Dosage rate Draindown test < 0.3 % 
 
 












25 mm 99 - 100 100 100 100 
19 mm 85 - 96 100 100 100 
12.5 mm 55 - 70 85 - 100 95 - 100 100 
9.5 mm 40 - 56 35 - 60 50-80 90 - 100 
4.75 mm 10 - 23 10 - 25 0-8 29 - 36 
2.36 mm 5 - 16 5 - 10 0-4 7 - 18 
0.075 mm 1 - 5 2 - 4 0-4 0 
 





Table 7.3: Illustrative crash modification factors for a unit increase in SN40  
(Ivan et al., 2012) 
 
Curve type Driveway Wet crashes 
No curve Yes 0.9846 
 No 1.0208 
Mild Yes 0.9292 
 No 0.9624 
Severe Yes 0.9499 
 No 0.9838 
Isolated Yes 0.9292 
 No 0.9658 
Non-isolated Yes 0.9965 
 No 1.0358 
 
 
Table 7.4: Example of the comprehensive crash costs (in 2011 dollars) 
 
Crash severity Estimated cost ($) 
Fatal 4,008,900 
Disabling injury 216,000 
Evident injury 79,000 
Possible injury 44,900 
Property damage only 7,400 
 
 
Table 7.5: Household monthly valuations for a unit change in noise level 
(Arsenio et al., 2006) 
 
Noise level variation Change rating 
Value per unit change in 
noise level (€) 
30 - 31 2.62 5.58 
35 - 36 2.91 6.20 
40 - 41 3.19 6.79 
45 - 46 3.48 7.41 
50 - 51 3.77 8.03 
 






Table 7.6: Values of changes in noise exposure (DEFRA, 2013) 
 
LAeq, 18hr (dB) 
 
₤ per household per dB change 
(per year, 2010 prices) 
Low High Amenity Health Total 
55 56  34.80 0.00 34.80 
56 57  37.40 0.48 37.88 
57 58  40.00 2.70 42.70 
58 59  42.70 4.16 46.86 
59 60  45.30 5.67 50.97 
60 61  48.00 7.22 55.22 
61 62  50.60 8.82 59.42 
62 63  53.20 10.47 63.67 
63 64  55.90 12.17 68.07 
64 65  58.50 13.92 72.42 
65 66  61.10 15.71 76.81 
66 67  63.80 17.56 81.36 
67 68  66.40 19.45 85.85 
68 69  69.00 21.39 90.39 
69 70  71.70 23.37 95.07 
70 71  74.30 25.41 99.71 
71 72  76.90 27.49 104.39 
72 73  79.60 29.62 109.22 
73 74  82.20 31.81 114.01 
74 75  84.90 34.03 118.93 
75 76  87.50 36.31 123.81 
76 77  90.10 38.64 128.74 
77 78  92.80 41.01 133.81 
78 79  95.40 43.43 138.83 
79 80  98.00 45.90 143.90 
80 81  98.00 48.42 146.42 














Relative cost  
A-40 18.2 12.5 40 1.00 
A-60 18.2 12.5 60 1.38 
B-40 18.6 16.0 40 1.05 
B-60 18.6 16.0 60 1.41 
C-40 20.8 12.5 40 1.10 
C-60 20.8 12.5 60 1.47 
D-40 21.3 16.0 40 1.12 
D-60 21.3 16.0 60 1.51 
E-40 24.4 12.5 40 1.15 
E-60 24.4 12.5 60 1.56 
F-40 23.7 16.0 40 1.18 
F-60 23.7 16.0 60 1.61 
 
 











A-40 454.6 81.8 0.54 50.6 
A-60 364.6 65.6 0.54 51.3 
B-40 392.3 70.8 0.55 52.0 
B-60 317.8 58.0 0.55 52.6 
C-40 380.8 69.2 0.54 51.2 
C-60 303.5 55.7 0.54 51.7 
D-40 343.7 62.4 0.56 53.3 
D-60 273.2 50.0 0.56 53.9 
E-40 315.9 57.3 0.55 52.6 
E-60 244.2 45.6 0.55 53.2 
F-40 310.7 56.0 0.53 50.7 
F-60 240.2 44.7 0.53 51.3 
Upper bound 224.8 39.0 0.59 57.0 
Lower bound 1073.7 194.1 0.53 45.2 
 













CPX noise level 
[dB(A)] 
A-40 5.45 92.08 86.63 
A-60 6.89 92.08 85.19 
B-40 4.69 92.15 87.46 
B-60 6.12 92.15 86.03 
C-40 5.27 91.42 86.15 
C-60 6.55 91.42 84.87 
D-40 4.40 92.37 87.97 
D-60 5.54 92.37 86.83 
E-40 4.79 90.66 85.87 
E-60 5.89 90.66 84.77 
F-40 4.14 91.98 87.84 
F-60 4.99 91.98 86.99 
Upper bound 2.18 92.40 90.22 
Lower bound 9.54 91.30 81.76 
 
 













A-40 50.6 5.4 0.24 1.00 0.243 
A-60 51.3 6.1 0.27 1.38 0.198 
B-40 52.0 6.8 0.31 1.05 0.291 
B-60 52.6 7.4 0.33 1.41 0.235 
C-40 51.2 6.0 0.27 1.10 0.244 
C-60 51.7 6.5 0.29 1.47 0.200 
D-40 53.3 8.1 0.36 1.12 0.325 
D-60 53.9 8.7 0.39 1.51 0.258 
E-40 52.6 7.4 0.33 1.15 0.289 
E-60 53.2 8.0 0.36 1.56 0.229 
F-40 50.7 5.5 0.25 1.18 0.211 
F-60 51.3 6.1 0.27 1.61 0.170 
Upper bound 57.0 11.8 0.53 1.33 0.400 
Lower bound 45.2 0.0 0.00 0.94 0.000 
 





Table 7.11: Scale definition of SPI and API 
 




































































Table 7.12: Performance index calculation 
 
Mixture code B/C SPLp SPI API FPI 
A-40 0.243 86.63 7 8 7.4 
A-60 0.198 85.19 5 9 6.6 
B-40 0.291 87.46 8 6 7.2 
B-60 0.235 86.03 6 8 6.8 
C-40 0.244 86.15 7 8 7.4 
C-60 0.200 84.87 6 9 7.2 
D-40 0.325 87.97 9 6 7.8 
D-60 0.258 86.83 7 7 7.0 
E-40 0.289 85.87 8 8 8.0 
E-60 0.229 84.77 6 9 7.2 
F-40 0.211 87.84 6 6 6.0 
F-60 0.170 86.99 5 7 5.8 
 







Figure 7.1: Illustrated linear relationship between wet-pavement crashes and 




Figure 7.2: Illustrated nonlinear relationship between crashes and friction 
(McLean and Foley, 1998; Wallman and Aström, 2001)   
Test condition: 
 
lock-wheel skid test at 40 mph 
ASTM E524 smooth tire 
4800 N load, 165.5 kPa pressure 
0.55 mm water film thickness 
Test condition: 
 
SCRIM friction test at 80 km/h 
smooth tire, 20° slip angle 
2000 N load, 350 kPa pressure 
0.5 mm water film thickness 
Test condition: 
 
side force test using stradograph 
smooth tire, 100 to 400 kgf load 












































































































































































































































































































































































































































































































One input node 
per parameter 
One output node per 
predicted variable 

















(a) Fluid force 
(b) Noise reduction 








Figure 7.7: Fluid uplift force for various aggregate sizes derived from the 




(a) Aggregate size: 9.5 mm (b) Aggregate size: 12.5 mm 
(c) Aggregate size: 16 mm (d) Aggregate size: 19 mm 
Condition: 
ASTM smooth tire  
165.5 kPa pressure 
4800 kN load 
90 km/h speed 
Condition: 
ASTM smooth tire  
165.5 kPa pressure 
4800 kN load 
90 km/h speed 
Condition: 
ASTM smooth tire  
165.5 kPa pressure 
4800 kN load 
90 km/h speed 
Condition: 
ASTM smooth tire  
165.5 kPa pressure 
4800 kN load 
90 km/h speed 







Figure 7.8: Fluid drag force for various aggregate sizes derived from the 




(a) Aggregate size: 9.5 mm (b) Aggregate size: 12.5 mm 
(c) Aggregate size: 16 mm (d) Aggregate size: 19 mm 
Condition: 
ASTM smooth tire  
165.5 kPa pressure 
4800 kN load 
90 km/h speed 
Condition: 
ASTM smooth tire  
165.5 kPa pressure 
4800 kN load 
90 km/h speed 
Condition: 
ASTM smooth tire  
165.5 kPa pressure 
4800 kN load 
90 km/h speed 
Condition: 
ASTM smooth tire  
165.5 kPa pressure 
4800 kN load 
90 km/h speed 






Figure 7.9: Noise reduction for various aggregate sizes derived from the 
artificial neural network 
(b) Aggregate size: 12.5 mm 
(d) Aggregate size: 19 mm (c) Aggregate size: 16 mm 
(a) Aggregate size: 9.5 mm 
Condition: 
CPX sound pressure level 
slick tire, 90 km/h 
Condition: 
CPX sound pressure level 
slick tire, 90 km/h 
Condition: 
CPX sound pressure level 
slick tire, 90 km/h 
Condition: 
CPX sound pressure level 
slick tire, 90 km/h 





CHAPTER 8  CONCLUSIONS AND RECOMMENDATIONS 
This chapter shall present the conclusions of this study drawn from the works 
described in the previous chapters and the recommendations for future research based 
on the limitations of present study. After examining the main research objectives, the 
critical aspects in the development of the skid resistance model and tire/road noise 
model on porous pavements are summarized. Analyses of influencing factors are 
presented for porous pavement frictional and acoustical performances, respectively 
and the major findings are presented and discussed. The development of integrated 
mixture design approach considering functional performance of porous pavements are 
also summarized. Several limitations with regards to the current model formulations 
and applications are identified and some research recommendations are then provided 
accordingly with suggestions on the potential research avenues. 
8.1  Conclusions of Research 
Wet pavement skid resistance and tire/road noise are two crucial functional 
performances of modern pavements. Porous pavement is found to be superior in both 
aspects. Understanding of the mechanisms and influencing factors in skid resistance 
enhancement and tire/road noise reduction is essential in the applications of porous 
pavement technique to benefit from its functional advantages. This research attempts 
to approach this problem in a numerical perspective. The primary purposes of this 
study are to develop numerical simulation models for skid resistance and tire/road 
noise evaluations on porous pavements using the finite element method (FEM) and 
the boundary element method (BEM), and apply the proposed models to analyze the 
mechanisms and critical influencing factors. Based on the results and findings, these 
two functional performances shall be integrated into the design procedures of porous 
mixture. 




8.1.1  Numerical Modeling of Skid Resistance on Porous Pavement 
The first part of this research work involved the development of a numerical 
simulation model on the wet skid resistance performance of porous pavements. This 
model involves most of the critical issues associated with a numerical skid resistance 
modeling, including the fluid-structure interaction, turbulent flow, frictional contact 
formulation, multiphase free-surface flow and, most importantly, drainage capacity of 
porous pavements. 
The reproduction of porous pavement drainage capacity has been achieved 
through an iterative process based on the simulation of outflow tests. A geometrically 
simple pore network of a 3D grid structure is proposed to simplify the complex pore 
space and make the simulation numerically feasible. The simplified pore network 
model is calibrated to make sure that it presents a similar drainage capacity as the in-
field porous pavements. The calibration is conducted on the dimensions of pores and 
the spacing between successive pores, taking the measured porosity, permeability as 
well as clogging potential into consideration.  
The simplified porous pavement model is integrated with a numerical skid 
resistance model which simulates the lock-wheel trailer test as specified by ASTM 
E274 standard (ASTM, 2011a). The formulation of skid resistance model involves the 
theories in both solid mechanics and fluid dynamics. The tire sub-model and the fluid 
sub-model are coupled in the computation through a fluid-structure interaction (FSI) 
algorithm. The solid contact between tire tread and pavement surface is modelled by 
a nonlinear frictional contact algorithm and the turbulent flow is modelled by the k-ε 
turbulence model. The multiphase flow technique is adopted to include both water 
and air into the simulation and define the water film thickness by the free surface of 
water. The structure model (i.e. tire, pavement and contact algorithm) is calibrated 
against measured tire foot prints, and the fluid model (i.e. water and air) is defined 
according to the standard properties at test conditions.  





The whole porous pavement skid resistance model has been validated against 
field experiments conducted by Younger et al. (1994). The simulation results show 
satisfactory agreements with the measurements, with an absolute error within ±2 SN 
units. This demonstrates the feasibility and capability of the developed FEM model in 
reproducing lock-wheel skid number on porous pavements. This model can be used to 
predict the skid resistance performance of a particular porous pavement, provided its 
drainage capacity (represented by porosity and outflow time) and wet coefficient of 
friction at low speeds (represented by SN0). The developed model can also be used to 
quantify those variables that are difficult to measure in experiments. The behaviours 
of tire and water observed from the numerical simulations should be useful in 
interpreting the mechanisms of skid resistance enhancement on porous pavements.  
8.1.2  Factors Affecting Skid Resistance on Porous Pavement 
The developed model was next applied to investigate the mechanisms of skid 
resistance on porous pavements and analyze the critical influencing factors. The 
effect of porous surfaces on skid resistance was first studied through a detailed 
comparison between tire skidding behaviours on porous and non-porous pavements. 
It was found that the fluid uplift force developing on a porous pavement is 
significantly reduced comparing with that on a non-porous pavement and the tire 
deformation is less severe as well. A better contact status can be maintained between 
the tire tread and porous pavement surface even at high speeds. The traction force 
dominates skid resistance on porous pavements in the practical speed range, while 
fluid drag force is a secondary component. These could be essential to interpret the 
development of the superior skid resistance performance on porous pavements. 
The influences of some crucial pavement parameters and vehicle operating 
conditions on porous pavement skid resistance were next analyzed using the proposed 
simulation model. The surface porosity, porous layer thickness, rainfall intensity and 
vehicle speed were investigated as the major influencing factors. The availability of 




mechanistic model enables one to study, in detail, the effects of individual factors as 
well as their interactions. The following findings can be made from the analysis: 
 The skid resistance of porous pavements in wet weather increases when 
either the porosity or the thickness of porous surface layer increases, but decreases 
when either the rainfall intensity or vehicle speed increases. 
 The skid resistance increases with porosity approximately linearly in the 
porosity range of 15% to 25%. The beneficial effect of porosity is more prominent in 
the situations with thicker porous surface layer, higher rainfall intensity and higher 
vehicle speed. 
 The increasing rate of skid resistance with porous layer thickness is more 
pronounced for a thinner porous layer, and tends to level as the porous surface layer 
becomes thicker than 75 mm. The benefits from increasing porous layer thickness are 
more substantial for pavements with higher porosity, and operating conditions under 
higher rainfall intensity and higher vehicle speed. 
 The reduction rate of skid resistance with the increase of rainfall intensity 
is higher at low rainfall intensity levels. The adverse effects of rainfall intensity on 
the frictional performance of porous surface are more significant for pavements with 
lower porosity and thinner porous layer thickness, and at higher travel speeds. 
 Skid resistance reduction becomes more and more significant as vehicle 
speed increases. The adverse effects of speed are more critical in the cases of lower 
porosity, thinner porous layer and higher rainfall intensity. 
Based on these findings, some recommendations could be made for porous 
pavement design from the standpoint of wet-weather driving safety. Higher porosity 
is preferred to better utilize its advantage in skid resistance improvement as long as it 
does not adversely affect the structural and other functional performances of a porous 
pavement. It also reduces the negative effects of rainfall intensity and vehicle speed, 
so that a more consistent driving behavior can be maintained on rainy days. The 





findings also suggested that, from the skid resistance point of view, a minimum of 50 
mm thickness of porous surface layer should be used. Porous surfaces thicker than 75 
mm may not be cost-effective because they provide marginal further skid resistance 
improvement. 
8.1.3  Numerical Modeling of Tire/Road Noise on Porous Pavement 
The next part of this research work focused on developing a numerical model 
to simulate the tire/road noise phenomena on porous pavements. The proposed FEM-
BEM model recognized tire vibration as a dominant noise generation mechanism and 
included most of the critical problems associated with the simulation of tire-vibration 
noise for porous pavements, such as the representation of pavement surface texture, 
characterization of tire vibration, acoustic-structure coupling, sound propagation in 
free space, and most importantly, acoustic absorption of porous surface layers. 
The numerical description of the acoustic absorption characteristics of porous 
pavements has been identified as the most crucial component to be addressed in the 
development of the entire tire/road noise model. It was understood that the acoustic 
absorption coefficient can be theoretically derived from the acoustic impedance, but 
the laboratory impedance measurements are not always available. Therefore, some 
previously developed computational approaches should be adopted to quantify the 
acoustic impedance of porous surfaces based on their pore geometry parameters. The 
representative phenomenological and microstructural models with different input 
parameters were discussed, which were found in close agreement with each other. 
Theoretically, either of them can be used in the analysis of tire/road noise on porous 
pavements, and the microstructural model developed by Neithalath et al. (2005) were 
adopted in this research. The numerical representation of porous pavement acoustic 
absorption in the BEM formulation was next examined using the experimental results 
of horn effect reduction on porous pavements. Such modeling of porous surfaces was 
found adequate for engineering applications. 




The porous pavement acoustic absorption model was next integrated into the 
tire/road noise simulation model to simulate the CPX noise measurement specified by 
the ISO 11819-2 standard (ISO, 2013). This model is able to estimate the rolling tire 
vibration noise induced by pavement textures on porous pavements. Four major steps 
are conducted in a sequential manner. First, a dynamic rolling tire analysis computes 
the deformations and stresses developing on tire walls when a specific tire rotates in a 
given traveling condition. A tire modal analysis next solves the natural frequencies 
and mode shapes of the rolling tire. A tire vibration analysis then derives the vibration 
velocities and accelerations on tire walls through mode superposition excited with the 
pavement surface texture. The vibration characteristics are used as sound sources in 
an acoustic BEM model to generate sound field around the rolling tire. The acoustic 
properties of porous pavements in the BEM model are represented by the acoustic 
impedance measured in experiments or derived from computational models. 
The developed tire/road noise simulation model was calibrated and validated 
against experimental measurements conducted by Schwanen et al. (2007) for both 
dense-graded and porous pavements. It is important to notice that a set of calibration 
parameters is only valid for a restricted range of tire and pavement types. The model 
needs to be recalibrated if the tire or pavement surface properties vary significantly. 
The numerical predictions agree well with the experimental results on non-porous 
surfaces for both overall noise level and noise spectrum. The errors in overall noise 
levels were less than 2 dB(A) and the simulated 1/3-octave spectra basically fitted 
with the measured shapes. However, for porous surfaces, the quality of spectrum 
prediction is lower with regards to the peak noise reduction frequency. The simulated 
noise reduction peaks appeared at frequencies lower than that of measured spectra. 
This may be resulted from the local reaction assumption and may be resolved by 
including extended reacting effects into porous pavement simulation. Nevertheless, 
the estimations of overall noise level on porous pavements were still satisfactory and 
the noise spectra corrected by a frequency shifting approach agree better with the 





measurements. The model validation demonstrated the feasibility of proposed model 
in evaluating the acoustical performance of porous pavements. This model provides 
the possibility of efficient examinations on various scenarios without the needs for 
extensive experiments. It can also be used to understand the mechanisms of tire/road 
noise reduction on porous pavements and analyze its influencing factors. 
8.1.4  Factors Affecting Tire/Road Noise on Porous Pavement 
The developed numerical model was next adopted to study the overall effect 
of porous pavements on the reduction of tire/road noise and investigate the effects of 
factors affecting tire/road noise. The function of porous surface in tire/road noise 
abatement was first studied through a detailed comparison between sound pressure 
level spectra and overall noise levels on porous and nonporous pavements. The 
illustrative case study demonstrated that porous pavement can effectively reduce 
tire/road noise. The sound pressure level emitted from a rolling tire is lower on a 
porous surface than that on a dense-graded pavement in the whole interested 
frequency range from 350 Hz to 2500 Hz, resulting in a significantly decreased 
overall noise level. It is found that the maximum noise reductions on a porous surface 
happen at a frequency slightly higher than its acoustic absorption peak. Between the 
two potential sources of tire/road noise reduction on porous surfaces, the acoustic 
absorption resulted from interconnected air voids was identified as the dominant 
contributor, while the negatively oriented macrotexture serves as a secondary 
contributor.  
The developed numerical simulation model was next applied in analyzing the 
influences of critical pavement properties and vehicle operating condition on tire/road 
noise emission. Surface porosity, porous layer thickness, pavement surface texture 
and vehicle speed were investigated as the major factors affecting tire/road noise. The 
availability of mechanistic model enables a systematic study on the effects of 
individual factors. The following findings have been drawn from the analysis: 




 Tire/road noise increases in a linear manner with the increase of surface 
layer porosity in the normal porosity range of 15% to 25%. Noise spectrum shapes 
are similar on pavements with identical porous layer thickness but different porosities. 
The magnitudes of noise level slightly differ among various surfaces, and it is more 
obvious near the noise reduction peak. The benefits of porosity variation on overall 
noise level present an insignificant amount in the overall tire/road noise emission. 
 Tire/road noise on porous pavements decreases as porous layer thickness 
increases and the declining trend is nonlinear. Noise variation is less significant when 
porous layer thickness changes between 50 and 75 mm, comparing with that in lower 
or higher thickness ranges. Variations in porous layer thickness alter the noise 
spectrum shape significantly, by moving the reduction peak towards lower frequency 
with the thickness increase. It was also found that the benefits of increasing porous 
layer thickness are slightly more substantial on pavements with higher porosities. 
 Tire/road noise emission on porous pavements increases as pavement 
texture level or mean profile depth increases. The variations in pavement surface 
texture marginally affect the noise spectrum shape, but significantly affect the noise 
level magnitude. The texture effect is more obvious at lower frequencies and the 
noise incremental resulted from a specific amount of texture increase is larger at a 
lower mean texture depth. 
 Tire/road noise level on porous pavements increases with vehicle speed 
in a logarithmic-linear manner. Speed variation hardly affects noise spectrum shape, 
but it affects sound level magnitude significantly. The effect of vehicle travel speed 
on tire/road noise is slightly larger on porous pavements with higher porosities and 
thinner porous layers. The effect of porosity level on noise reduction is more 
significant at higher speeds, while that of porous layer thickness is larger at lower 
speeds. 





Some recommendations could be made for porous pavement design from the 
standpoint of acoustical traveling comfort. A lower porosity in the normal range (i.e. 
15% to 25%) should be adopted to better utilize its advantages in sound absorption, 
provided sufficient skid resistance and clogging resistance. It can reduce the negative 
effect of vehicle speed increase as well. The numerical analysis also suggested thicker 
porous layer to be used in pavement design, with the cost effectiveness in restriction. 
The negative texture on porous surfaces should be maintained and the macrotexture 
level should be restrained to make a flatter traveling plane. 
8.1.5  Integrating the Frictional and Acoustical Performances into the Porous 
Mixture Design 
The last part of this research work focused on the development of an analysis 
framework to consider the skid resistance and tire/road noise performances in porous 
mixture design, based on skid numbers and noise levels predicted from the developed 
numerical simulation models. From the review of some current porous mixture design 
methods, it was concluded that the existing specifications only pay attentions to the 
durability and moisture sensitivity of porous mixtures. The functional performance is 
assumed acceptable if the requirements in material composition and porosity level are 
fulfilled, although permeability measurement on pavement surfaces after placement is 
optional in some countries. This is inadequate for the efficient applications of porous 
pavement techniques, especially when their major objectives are to improve traveling 
safety and comfort. Therefore, it is important to develop an analytical framework to 
consider the functional performance in porous mixture design based on mechanistic 
simulation models. 
The primary workflow of the proposed approach is to predict the skid number 
and noise level on a finished porous pavement using the developed numerical models 
with the control variables of an alternative mixture design as input parameters. The 
results are then compared with design criteria and scalar performance indices are 




designated to mixtures satisfying both the frictional and acoustical requirements. The 
optimum design is finally selected according to the functional performance index. 
Considering their applicability and significance, the porosity value, aggregate size 
and porous layer thickness were selected as the control variables in porous mixture 
design to be input into the skid resistance and tire/road noise simulation models. The 
design criteria were determined based on the minimum desired skid number or the 
maximum acceptable CPX noise level of a specific old pavement and the long-term 
effects caused by pavement aging, seasonal variation and temperature influences. The 
specific terminal skid number and noise level should consider the project location, 
road classification, design speed, traffic composition, terrain topography, as well as 
meteorological condition. Approaches developed in past studies were adopted to 
quantify the safety and comfort benefits brought forth by porous surfaces. A cost-
benefit analysis should be involved if the cost constrain plays a role in the design. 
The performance indices for skid resistance and tire/road noise were defined on an 
integer scale of 0 to 10, from which the overall functional performance index can be 
derived using linear superposition. A two-layer feed-forward artificial neural network 
was established from the numerical simulation results to improve the efficiency of 
functional performance estimation.  
Application of the proposed framework was demonstrated through a case 
study. Mixture design procedures considering frictional and acoustical performances 
were performed based on the problem definition. This framework provides an 
effective and efficient approach in selecting porous mixture taking the functional 
performance into consideration. It should serve as a useful tool to improve the current 
practice of porous mixture design and help to spread the effective applications of 
porous pavement technologies. 





8.2  Recommendations for Further Research 
As an early exploration in numerically investigating the skid resistance and 
tire/road noise performances of porous pavements, the works presented in this thesis 
are far from perfection. Several limitations could be identified in the formulations and 
applications of the proposed numerical simulation models. Based on the current work, 
the following areas are recommended for future research. 
8.2.1  Improvement to Porous Pavement Skid Resistance Model 
The current model only considered the lock-wheel skidding situation of the 
smooth tire, since this is the most adverse scenario in wet-pavement skid resistance. 
However, the realistic wheel braking behaviors are much more complicated and most 
of the tires used in practice have tread patterns. Tire slip conditions (i.e. slip ratio and 
slip angle) should be properly included into the numerical simulation model to better 
represent the braking and corning scenarios. The stationary rolling approach with the 
arbitrary Lagrangian Eulerian (ALE) formulation (Nackenhorst, 2004) is a promising 
methodology in the slip tire modeling, which could overcome the disadvantages of 
time- and resource-consuming dynamic simulations. Tires with tread patterns or 
grooves should also be included in the future model to more accurately describe the 
realistic tire-pavement-fluid interaction.  
As a result of the restrictions in computational capacity and limitations in 
reported measurements, a simplified grid pore network geometry is adopted in this 
study to represent the porous surface layer and reproduce the drainage capacity of a 
porous pavement. Although this approach is feasible to provide results with adequate 
accuracy, it is quite complicated and tedious to perform the iterative calibration based 
on the measured outflow time. Advanced formulations of porous medium should be 
developed to describe the water flow behavior in skid resistance on porous pavements. 
The difficulties may lie in the formulation of the boundary condition at porous layer 
surface, where water can flow into, flow out of and flow parallel to the porous layer.  




8.2.2  Improvement to Porous Pavement Tire/Road Noise Model 
The four-step tire/road noise model developed in this research work is mainly 
based on the tire vibration mechanism, since this is the most crucial noise generation 
mechanism for a smooth tire rolling on a rough surface. Air-related noise generation 
mechanisms are not involved in model formulation, but covered by model calibration. 
Although air turbulence noise is negligible at highway speeds, air pumping noise near 
the tire-pavement contact patch should be included in the simulation model because it 
is a significant component in the overall tire/road noise and porous pavements can 
effectively reduce the air pumping effect. However, boundary element method (BEM) 
may be powerless in capturing the air pumping noise. Computational fluid dynamics 
(CFD) is a potential method to simulate the air pumping phenomenon, provided an 
appropriate description of the relative motions among tire, pavement and air. 
The acoustic absorption capacity of a porous pavement is represented by the 
measured or derived normal acoustic impedance spectrum in the developed model, 
due to the restrictions in both measurement data and BEM formulation. The use of 
normal acoustic impedance presumes a local reaction condition, which may not be 
valid in the case of porous pavements. Extended reaction should be considered in the 
modeling of porous pavement acoustic properties. The input parameter should be able 
to describe the surface acoustic impedance at any incidence angle. Grazing incidence 
approximate impedance (Anfosso-Lédée et al., 2007) may be a promising approach, 
provided that detailed measurements on porous mixture properties are made available. 
The two-domain BEM technique and acoustic FEM are also possible solutions to this 
problem, with different requirements in their applications. 
8.2.3  To Improve the Porous Pavement Design Procedures 
The analysis framework developed in this study incorporate the consideration 
of functional performance into porous mixture selection based on the comparison of 
functional performance indices (FPI) among alternative mixture designs. Although 





mechanistic models are used in the predictions of skid number and noise level, the 
valuation of safety and comfort benefits and the projection of performance indices are 
largely subjective. This causes the proposed framework to rely heavily on the experts' 
experiences and judgments. More scientific methodologies should be developed in 
the quantification of benefits brought forth by a porous pavement installation. This 
has to be based on a large amount of practices in various porous pavement projects. 
The appropriate valuation of comfort and health effects may present great difficulties 
in this task, because one has to include the subjective perceptions and socio-culture 
influence into the appraisal of traffic noise. Future research efforts should also be put 
on the development of a more objective interpretation of the performance indices. 
This includes not only the projection rules from benefit value to index level, but also 
the approach to determine the weighting factors in combining multiple performance 
indices into a final PFI. Moreover, the current analysis framework covers only skid 
resistance and tire/road noise. More functional performances, such as the roughness, 
rutting resistance and rolling resistance, could be integrated into the framework when 
they can be mechanically evaluated from mixture parameters. Considering the fact 
that most tires traveling on roads have certain tread patterns and depths, it is also 
necessary to develop the relationships between smooth tire performance and ribbed 
tire performance based on future experimental and numerical analysis. 
8.2.4  Application of Developed Models in Porous Pavement Maintenance 
Besides assisting porous pavement design, the developed numerical models 
can also be applied in porous pavement maintenance to better retain the superior skid 
resistance and acoustical performances. One of the major tasks in porous pavement 
maintenance is to remove dusts and debris from air voids, because the clogging effect 
could dramatically decrease the functional performances. The proposed models can 
be used to predict the variations in skid resistance and tire/road noise with clogging 
level under different travelling conditions. Analysis on the simulation results can help 




pavement engineers to determine the critical clogging level for routine maintenance. 
Combined with a clogging analysis, the time and method for air void cleaning can be 
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